P AN ]
VS B
v I I

) Y

A1 e )
Y I ARy -
1/ AR ?

Péfroleum Production Engi“eeriné

A
Special Presantiation
Conductad by IPCS
for
The Conventional Energy Training Project

July 25 - 29, 1283

Presented
by
Dr. R. Eugene Collins

) i -y o e (Y ‘/\\ IRV IS 3
g 40 9 - ¢ = U7

IPCS
Intemationai Petroleumn Consulting Services
1200 New Hampshire Avenue, N.W.
Suite 320
Washington, D.C. 20036 U.S.A.
Telephone Numbers; (202) 231-8214
(202) 331-8215
Telex Number. 248826 WQS



CONTENTS

WELL PERFORMANQE

Factors Affecting Well Productivity....

Objectives of Well Testing...... Ch e Cevens
Types of Well Tests...........n. et . v
Productivity Index......... ..., bee e ceean . -
Inflow Perfermance Relationships (IPR)...... .o N
Deliverabilicy Tests.. . it einnenrinenennns ch e .
Transient Pressuve Tests.....covvarn e et
Factors Affecting Buildup Tests...... e e
Well Damage Evaluation............... crerea s P
Drill Stem Testing........ e e e e e st
GAS LIFT
Two-Phase (Gas/Liquid Flow in Wells). v rivrvorsnns
Pressure Traverse,...ioieeeeesnsnens veee e ceeene
Effect of Principal Variables..... e s
Generalized Two Phase Gradient Charts....... e ces
Application of Continuous Gas Lift....... e . -
General Guidelines........ Ceeeieeas . et e .
Pressure Balance in Continuous Geas Llft ..... oo Ceene
Gas Lift Design Problems....covicescnronrnns . N
Controllable Tubinghead Pressure......civeeveusnns .
Uncontrollable Flowing Tubbing Pressure..... e
Individual Gas Lift Well Design.....ceeveenneess Cee e
Factors That Influence The Design....... et reieanenan
Design Steps.....coveeunnn e e .
Valve Mechanics...oeveeann et e RN
Bellows Type Valves...... i e Crie et
Example Data..... Chee e e e e Cerree e
Interqittent Lift..oovons Chreas e Cereereans Ceese e s
SUCKER ROD PUMPS
General Conceprts.ivecirersnresane i eae et

Sucker Rod Pumping.....v.veevvuoneravsnes

The Pumping Problem.....ivvviviveerneenssnn

Pumping Units.... . ceiviiivennvinns Ch et ie et et
Prime Mover......cveevivrnvonnonns ceneetes teseenns .
Sucker Rods...... Chesaeen i Ceseserse e ias e .
Downhole PumpS....iivvvanens Gt Ces et raeee e
Pumping Cyclie........... e ceeann et cen
Pump Capacify.cvvivienenenncnennnn et r et e . .
Pump Efficiency..... e, e .
Slippape of 0il Past Plunqer Ceeaaa she et .
Net Plunger Stroke.....vvevevrriinne van e RN
Dimensionless Plunger Travel........... Cer et
Calculation of Loads...vviieiin ittt .

W L

1l
13
17
19
26

SN N

11
11
13
14
17
2]
21
22
26
27
32
33

~ OB

i3

20
22
23
26
26

"
o/

28
30



Acceleration Factor........vvevnvnn. et ee et 31
Dimensiorless Load Analysis....... et ee e e 33
Torque Calculation. . vve'vev e nnnnnnnnss e e 37
CoUnterbalanCe . vttt ittt ittt ettt 37
Ideal Coutniterbalance.......... e S ieer e z9
Effect of ROA DYRAMICS. vt tvrt et intenennennunennnnnas v 39
Power Requirements...........ciivir i nnnnnn, e 42
Kod String Fatigue...........c.vvvuen e e 44
Pumping System Design...... e e et 46
Pumping System Performance.......... ettt 50
Dynamometer Survey...... e e e e e 50
Ideal Dyramometer Diagram.,................. e 50
Centinuous Monitoring of Well LoaZ...... R e 60
Fluid Level Survey....... et e et . 60
Flowing BHP Calculations............ ettt ae e 61
SUBMERSIBLE PUMPS3
Introduction.......... st e e e P hee et . 1
Components........... e et ettt 2
Design Procedure. . i iiinenrerserinennrnnennnnennss . 5
Example Problem........coiiiiiiiiinininnennnnnns. i 8
Failure Analysis.............. et eer e Chereseseann 17

PRESSURE TRAVERSE CHARTS

PROBLEMS

SOLUTIONS



Well Performance

Factors Affecting Well Productivity

The basic elements determining wel! productivity, that is flow rate, can

be visualized in the sketch below,.
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non-radial f{low region

The driving "force", or snergy for flow is pressure and this is dissipated in twe
ways, one is work against gravity and the other is work against viscous drag, or
"friction". The total drop in pressure irom the reservoir, at the "drainage

radius" of the well, to the storage tank can be separated into parts thus:



Number Domain P
[ Drainage Radius Pr -P
to "skin" of Well ®
I "Skin" of Well to PS -P
Bottom Hole v
1! Bottom Hole Pw - Pt
to Tubing Head
v Tubing He‘ad Pt - PSep.
to Separator
v Separator P -P
to Tank Sep o
or
PSep -Pg

These are described as follows:

I
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v

Pr - P5 is determined by reservoir properties and drive mechanisms:

permeability, porosity, thickness, relative permeabilities, capillary
pressures; fluid properties, absolute pressure level and temperature,
fluid viscosities, and densities; solution gas, fluid expansion, gas cap, or

water drive and flow rate.

Ps - PW is determined by formation penetration, flow rate, well bore

radius, perforations, formation damage by drilling fluid or completion
fluid, or fines migration, stimulation by acid or fracturing, single or

multi-phase flow, fluid properties and absolute pressure level and

temperature, formation permeability, etc.

Pw - Pt is determined by depth, fluid viscosities and densities, tubing
diameter and roughness, flow rate, pressure level and temperature.

Pe- PSep

level and temperature, pipe and choke size, and pipe line length.

is determined by fluid properties, flow rate, absolute pressure

P -P,or P - P,., is determined by fluid properties , absolute

Sep ¢ Sep :

pressure level and temperature, flow rate, pipe diameter, roughness and

length.



Well Production Testing

Objectives of Well Testing:

Determine amount and type of fluius produced.
Determine maximum production capability of well.
Determine properties of reservoir, K, ¢.
Determine reservoir pressure.

Determine need for remedial treatment of well;
evaluate well damage.

Determine effectiveness of a well treatment, post facto.
Determine appropriate well equipment to achieve allowable pro-

duction rate; tubing size, separator, and artificial lift equipment.

Types of Well Tests

Periodi : preduction tests; gauging
Productivity or Deliverability Tests
Inflow performance tests

Transient pressure tests.

Feriodic-Production Testing; Gauging

This consists of simply measuring the amount and type of fluids produced

and is routinely carried out using a gas-oil separator and a stock tank, witl: a

device such as an orifice meter to measure gas flow rate and a nand tape to

measure amounts of oil and water ir. the stock tank. Modern techniques use

rmore sophisticated systems with automatic recording.

WL



Productivity T=sts: Oil Wells

The Productivity Index, P 1, or J, is defined by

¥

PI.-J_._g_.._

where conventionally

Liquid (oil or oil+water) flow rate V

d (STB/D)
Pr = Shut-in well (Reservoir) pressure (Psi)
P, = Flowing bottom-hole pressure (Psi)

Here forq = q, oil Pi is defined and for q=q+q, » total P is defined.

P I, or J, isdetermined by reservoir and well properties. Measurement
of Pl requires a bottom hole pressure méasurement, either directly with a
down-hole instrument or indirectly with estimates from surface pressure data,
while flowing and when shut-in. The long-term shut-in bottom-hole pressure is

a measure of Pr‘

Measures of Well Productivity

Productivity Index

The basic measure of well production efficiency is the Productivitx

Index, or P I, defined above as

where q is production rate measured at surface conditions and Pr - P, is the
"drawdown' at bottom hole. l.e,, Pr is essentially shut-in, or static, reservoir

pressure and F’W is flowing bottom hole pressure.

Factors affecting the value of P [ are shown ir part by using Darcy's

law and approximating fluid flow as steady-state, incompressibie, single-phase



flow with pressure Pr at some "drainage radius" fe ON2 cylindrical boundary

about well axis. For steady-state radial incompressible flow Darcy's law
¥

gives

kh 3P onstant

q = -ZTTFT T

This can be used for the domain fw 10 Tor the drainage radius with P = P

r

at Far 1O show that

7 = .4 n 0.00708kh l
~ r 1+S

e
BU Q,n—r——
w

D

Here k(md) is reservoir permeability, h(ft) is producing zone thickness, 1 (cp)
fluid viscosity and B the fluid formation volume factor. The term SD is a
"catch-all" dimensionless, well damage factor which accounts for non-radiai
flow near the well-bore and/or damaged or improved permeability near the
well. For a completely penetrating well with open-hole completion and a

damaged-zone permeability k_ in a skin-zone out to radius re
9

r

£n s

r

k w

Sp = (g - —

S e

- Ln_
r

w

This quantity is positive S > 0 for ks < k and negative for ks > k.

D
SD > 0 could result from fresh water filtrate from drilling mud entering the

formation while SD < 0 could result from acid stimulation treatment.
Clearly two-phase flow and/or compressibility effects prevent any

riporous application of these simple relationships.

The Specific Productivity Index is often used and is the ratio of P 1 to

the thickness, h, of the producing zone, expressed in feet. i.e.,



STB/D/it./Psi.

While the Productivity Index is a very useful concept 1t suffers from
¥

being non-constant, that is, the P! measured at one drawdown, Pr - Pw’ will
not have the same value as one measured at another drawdown, even at the

same reservoir pressure.

Inflow Performance Test: Oil Wells

It is obvious that the productivity index in a real well will not be a simple
constant characteristic of the well and reservoir configuration because of
multi-phase flow and compressibility effects. J. V. Voge! (1968) aeveloped on
empirical method to account for these effects by solving the materiai balance
equations for radial flow based upon Darcy's law, with some approximations,
for "gas" and "oil" flow with gas coming out of solution in the oil. Flow is
below the bubble point. Speciiically he assumed:

(1) reservoir is circular with closed boundary

(2) well completely penetrates formation

(3) porosity, permeability and thickness uniform and constant

(4) gravity segregation is negligible

(5)" capillary pressure negligible

(6) gas-oil in local equilibrium.

From many runs of the numerical integration he showed that to a very good
approximation the graph of stabiiized oil flow rate at the well, versus flowing

bottom-hole pressure, could be represented by the "“universal" dimensionless

relationship

P P .
- -1 -02005) - 080( 5~ ) 2
Unax r r

Where Quax Is the maximurn flow rate into the well resulting when bottom-

<D



hole pressure is reduced to zero. This is known as the "IPR", or Inflow-

Performance -Relationship.

¥

The IPK shows that data of q vs Pw at different values of Pr

appears as shown in the icllowing sketch.
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Since Pr naturally declines with cumulative production in a solution-gas-

drive reservoir the successive curves here represent well performance at

-

various stages of cumulative production from the reservoir.

As given above this relationship does not include well damage, or "skin",

The effect of a "skin" of higher flow resistance near the well is tc
(w)

effects.
require a lower bottom-hole pressure, or greater "“draw-down", to sustain a
given flow rate. Thus the P, in the above equation is the undamaged P and

the actual PW, say Pw' is less by Ps’ the pressure drop across the "skin".

The usefulness of the IPR lies in the fact that a measurement of Pr and

the flow rate q at one bottom-hole pressure determines the entire curvey



i.e., determines q at any possibie P~ while this Pr exists. This of course in
the absense of damage. i.e., given Pr' PW and q, insert in Vogel equation

. - . . . .
above and solve for Iax’ then all coeificients are determined.

The limitation of produc 1vity index, J, as a means of predicting the
flow capability of a well at some bottem hole pressure other than that used to
determine J is shown in the sieTeh beiow . The dotted straight line balow is

represented by

and clearly this predicts a PW not on the Vogel curve except at one point, the

point used to determine J. i.e., the intersection with the Vogel curve.

Standing's Forecast of {nflow Performance

Vogel's Equation, using now qq for oil production rate,

Pw Pw 2
9, =9, U -20(5)-805) )
T c r
can be factored and rearranged as
9 Im Pw
Jo=P-P’=F'(l+8P_)
r'w r r
and then one can define
* qm
J = lim J =1.8 5
o P +p © Pr
w r

This is the Qil Productivity Index at zero drawdown.

P - -
F\\_.~__~—~‘—

Slope

0 o

P - I
W - Slope 3
0
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From Darcy's law (production q, here positive)

K

_2mrh o 9P
. B = Bo M ar
e e
K
dr 0 .
= de
j 99 ¢ * 2mh { UoBo

o Pw

Now as Pw-» P. all pressures will approach P, and saturation distribution

can rearrange to uniform Sy then q,™* © everywhere but K o/uoBo +

const.; obtain:

K
J * - “n13;= —EJLE—— ( ° )
° P +P re uoBo
r W Ln =
W

*
Thus Jo is proportional to KO/U oBo at the reservoir pressure Pr'

As reservoir is produced P_ changes and K O/U oB changes because both

Pr and S, are changing.

*Use material balance to forecast new Pr and So, compute new values of

KO,“O,BO, say Pr', u O', BO'. Thus

( "o ) I
gt Mo . _r
N : K, ) Im
uOBO Pr

*Thus if from well test data, Pr’ q, Py 29, is computed from Vogel Equation
and also Ko, UO, BO are determined, one can forecast the new value of Qs

qm', at a future state of the reservoir.




*Then, with q,,' and P 'one can forecast a future value of q, for any Py

using Voge! Ea.

P, p
. qozqm'(l-.Z(-ﬁj)-ﬁ('B?)

Flow-After-Flow Tests; Gas or Oil

When a shut-in well, either gas or oil, is opened to flow the bottom-hole
pressure declines as the pressure distribution in the reservoir changes with
time. With the flow rate restricted through an orifice choke, or partially open
valve, the flow rate and bottom-hole pressure will stabilize to essentially
constant values. The valve may then be opened further resulting in another
transient period until a new q and Pw' are established. Typical data for

this flow-after-flow test are shown schematically below.
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For such pseude-steady-state conditions as indicated by the pairs of

values PW y Gy P, q, ; etc. it can be shown from Darcy's law that one

V2

should find for a gas well

——— R constant

and the value of this constant characterizes the well production capability. In

fact
PVt SRR S
P2 - P2 . Pr°Pwi P.
r” b wi i

is essentially the same quantity as the productivity index of an equivalent oil

well. Here P is (F’r + PW;)/Z. Conventionaliy one plots on log-log paper PE -

2

P”.
wi

vs q; for the gas well and draws the best straight line.

The difficuity with the flow-after-flow test is the long times required te
reach stabilized flow conditions. A modified procedure, also used in oil wells,

has been developed to circumvent this difficulty, it is called ar isochronal fiow

test. The well is shut-in then opened to flow at a fixed rate for a period of
time At, with Pw read at times Atl’ Atz, A t3, etc. The well is shut in
again for a time equal 1o the total flow time. The process is repeated for a
higher rate, then for another, etc. Finally at the last rate the well is allowed

to flow until a stabilized Pw is reached. From these data on the gas well

w

one can plot PE - P\g vs q for equal times of flow. i.e., using the P
say at 30 minutes of flow for each of the flow rates. On log-log paper this
should be a straight line whose slope is approximately unity for a gas well.
This is done for each of the elapsed times. Finally the one data point for
stabiiized flow is plotted and a parallel line drawn as shown in the sketch

below.

12
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The point of this test is to establish a prediction equation for stabilized

flow conditions, thus defining a J' and an n for the equation (Fetkovitch)

2 52.,n
= 7 -
q=13 (Pr Py )
Normally one would require at least two points (q, P, ) at stabilized
conditions,” which in a tight gas formation could require days to estab.ish. This
method seems to effectively avoid the need for more than one stabilized flow

point because the above equation seems to fit data at corresponding times with

the same vaiue of n.

Transient Pressure Tests

The basis for transient well testing resides in the fact that for single-

phase flow, at pressures abcve the bubble point, Darcy's law and a material



balance on fiuid mass yield the equation

. V(R U(P-pgz)) = dc

governing the transient pressure history within the reservcir, Here P is the

P
t

o] o

approximately constant fluid density, WU its viscosity, ¢ the effective
compressibility of tne fiuid-rock system, and k and ¢ the permeability and

porosity of the reservoir. Treating k as uniform this approximates further to

2,5 _ Suc 9P
ViE s o owt

for P, orfor P - pgz with P - pgz replacing P. This is the same form as
the equation for diffusion or heat conduction.

The solution for a well of zero radius penetrating a reservoir of thickness
h producing at constant rate q from an infinite reservoir with static

pressure Pr is

2
_ 70.6quB ...  ducr
P = P+—h Ei(- —2553¢)

where

P_ = shut-in pressure {Psi)

P - pressure at r, t (Psi)
. q = flow rate (STB/Dj
h = thickness of formation (ft)
c = effective compressibility (Psi~})
¢ = porosity (fraction) §
r = radia! distance from well (ft.)
t = time on production (days)

B = Formation volume Factor (Res BBI/STB)

Here Ei is ¢ tabulated function defined by

14
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I(m
-Ei(-x) = ' &
g

and called the Exponential Integral Function. For x <0.5 the approximation

x\—

1]

- Ei(-x) ¥ -.5772 - &n (x) holds very well.

The general behavior of this solution is shown by the following sketches

which provide a lot of intuitive insight into flow and pressure benavior of

wells .
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Note that in view of the approximation above we have for large t, or

small r,
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This is called tt e pseudo-steady-state equation because for an incompressible

fluid (c = 0) and a weli flowing at constant rate q the differential equation is
v VP = 0

and the solution is

P = constant + 70'6khUB Lnr

with the constant arpitrarily determined by fixing P at some r. This is truly

a steady-state soluticn.

Superposition Principle; Shut-in Pressure Build-Up Test

\

Since the differential equation above is linear solutions can be added to
yield new solutions thus, for example, to represent the pressure history in a

well of bore radius Cw with the rate history

q=2a y 0 <t <t

qg=2=¢0C y t>ts

we have approxirately for small r A

n .
p=p - [6AUB [y, 832K 5777 ]
puecr

for 0 < t«< ts

and

6.32 Ic(t-ts)

2
¢ucrw

ZY‘—GEEE—E} [ on + 5772 ]

for t> t
5

This is a superposition, for t > tos of a well of production rate q started at



time zero and a well of production rate - q started at time e Tnis
simplifies to

ts+ At

P-=p - 70.6!_;@ en

At
with At being elapsed shut-in time aiter producing at rate 4 for time te

Thus if bottom-hole pressure is recorded as a function of time following
shut-in a plot of P versus (ts+ Lt)/ bt on semi-log paper should approach a

straight line whose slope gives a value of kh.

Factors Affecting Build-up Tests

Obviously the above analysis is a gross over simplification of the physical
situation in a pressure build-up test. Some factors not accounted for in the

simple analysis are:

(1)  well-bore size

(2) reservoir heterogeneity

(3) reservoir boundaries

(4)  interference from other wells
(5)  multi-phase flow

(6) variable rate history

(7)  after-flow, q not zero at bottom-hole

Many of these factors have been successfully treated and the literature on the
subject is voluminous. Sketches below indicate effects due to some of these

factors.



Bounded Reservoir
(Circular)

Bounded Reservoir,
Gas-0il Production
"sfter-Flow".
Phase Separation

in Well Bore

t + At
on S
- At
Closed Fault
Boundary
.q\
T+ bt
Ln X
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Other Transient Pressure Tests

A wide. variety of transient tests and methods of interpretation have
been devised. "Pulse testing" between wells is used to determine permeability
and porosity in the region between wells. This involves "pulsing" one well by
producing for a brief period then shutting in and detecting the pressure
transient in an adjacent well. Vertical permeability tests based upon early
pressure transients in partially penetrating wells, or injection at one point in a
well and producing at a neighboring point above or below in the same well,

have been proposed.

Perhaps the most useful modification of the simple test theory has been

in the incorporation of well bore darnage effects . This is described as follows.

Well Damage Evaluation: '"Skin Effect"

Van Everdingen (1953) introduced the notion of "skin effect" to
characterize the effect of near well-bore permeability modification on welil-
bore pressure transients. This can be described simply by asserting that in

additior to the draw-down

du crfv

. 706Bqu ..
P.-Py, X - = Ei(- oare )

which exists due to pressure losses in the clean formation, arising from flow
rate q, there is an additional draw-down required to move fluid through a well

bore "skin" at the rate q, this being given by

7C.6 B qu
D - —
A"s =T kh D

with SD a dimensionless factor determined by the "skin". Thus adding this

"correction"

19



2
¢ucr
} _ _ 70.6Bqu } . W
. P .-Py = kn [ -Sp+Eilg377g )]

or, approximately, for large flowing time t

p v p - LLEBAY s, gq 82K 5577 ]

¢ucr

SD is called the "skin factor" of the well.
The analysis of shut-in pressure build-up is not changed by this, thus

plotting shut-in P~ vs &n (ts+At)/At still gives kh. Hence if ¢ and c

are known one uses this equation on flowing data to estimate SD.

N



Bounded "Circular" Reservoir

Consider a k%ounded, uniform, circular reservoir,

For flow of slightly compressible liquid (above bubble point),

state is
c(P-P )
(1) p = poe ©
or for small compressibility, ¢,
(2) pagp, (1 +c(P-P))
where c is actually defined by
. Lloae
(3) c=:%p

-

as the compressibility with P mass density.

Conservation of mass requires
~ ap
(4) -Velpo V) = ¢ =7

and with Darcy's law

(s) v - _Bﬂ(vp-pé)

this gives for horizontal flow and small ¢

o

--a-—(r3

(6) 2

f-f"‘c

) = d)c—%

zcIx
- —
w

r

the equation of



™~
o

in the radial geometry. In this we canreplace P by ¥ =P- 0 gz with o

constant as an approximation. i.e., the P determined as solution of (6) is in

v
one plane at z = 0.

Boundary Value Problem

’

l_a_(rap)_ dpc oP
r ar ' 3r - k o9t
aP
—gr—g ) ('-R
(7)
k QdP
-2 ey _ . -
..Trrwhu Y qB, ,r =1,
{ P:Po )t:O

separate variables, obtain

(8) P-Po = E(ABJO(BF)'*BB Yo(Br))e

where G(r,t) is any special solution of (7) we may need. For boundary

condition at r = R this then becomes
kt 2
duc 2
(99 P-P_ = ¢
o
B
- + G(r,t)

A (YO'(BR)JO(Br)- J'O(BR)YO(Br))e—

Provided that G(r,t) also satisfies the condition at R

3G _
(10) —B—T(R,t) =0
For the conditionat r = Cy we then need
(11) Yc;(BR)JO'(BrW)-Jc;(BR)Yo'(Brw)zo

and
B
3G o 9¥E,
(12) ar (‘w’t) = YTy khrw



Eq. (11) provides an infinite set of roots Bj , 1 = 1,2, .., and it is clear that

the special solution G(r,t) is needed !
¥

Now show that usual zerv separation constant solution is not acceptable for

G(r,t). For B=0 the solution by separation of variables is
(13) G = Agnr+B

and while this can satisty the requirementat r = r. it does not satisty the

requirement 3G/ 3r = 0 at r = R. Thus this is not acceptable.

The 8= 0 solution also corresponds to 3P/ 3t = 0 and the next simnplest

special solution would be {or

0

T

(14) = B = constant

Q

t

Thus try this ! This in the differential equation gives:

L 8 2Py _ _duc
(15) rar(r r)’ ” B

which integrates to give
2

. } _oduc o I
(18) G-P-Po— kB[\‘+/\Sl.r'xr+C+B'£

as the special solution. Here A and C are constants of integration. Since C

is still arbitrary modify C to make the argument of 2n, &nr, into proper

dimensionless form, thus

2
(17) G:—EEEB%+A9~ngR+E+Bt

is the special solution. Fixing 39G/3r = 0 atr = R gives
2

| | .. duc g B

(18) A = = B =

Ther the conditionat r = r in (12) gives with,

2

(19) G- fuc B g

gn L 3+ C + Bt
r
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the result
qB
(20) B = - > o _
1[R -rw" Thoe

and if we arbitrarily set C to zero we have the solution

kt ,2

_ [ - T . o - (mJC j
(21) P-P, = jgl Aj[YO(BjR) Jo(Bjr)—Jo (BjR)YO(BJ.r)]e
qt Bo tuo [_2 2 r
— [2 - R7&n -§]

2 2 o2 2
m[R -rw] hoc  2wkh [R —rw]

which satisfies all conditions except at t = 0. Finally then setting t = 0 and
using the orthogonality of the linear combination of Bessel functions we obtain
the A-i and solution is complete. Thus we have justified setting C to zero.
Hurst and Van Everdingen (1249) obtained this solution in a different way and

give the evaluation of the P_‘j'

The special solution Gfr,t) is the asymptotic solution for P-P_~as t*%.
Note that in the series all exponentials go to zero. This is a pseudc steady-

state solution with the same distribution of P - Po versus r at any time but

shifted up or down depending on sign of q. q is positive for production,
negative for injection. We call this the "Tank Solution". The sketch below

shows the general behavior of this solution.

_ time &,
+ —
= time t,

e

\

t same AP, ail T

/ "Tank'" Solution

Pressure,

radius, T
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Drill Stem Testing

[ 4
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Well testing as already described applies to completed wells but flow

tests, pressure tests and fluid sampling are also carried out on wells before the

well is completed.

completion.

Method
Drill stem testing is
carried out with tool mounted
on end of drill pipe string. [t
consists of:
e packer
o flow control valves

» pressure gauge

e Fluid sampler

Different service companies
offer various designs but basic
elements are the same.

There is also a wire-line
tool by Schlumberger that func-
tions with the same elements

but two iluid collection cham-

bers.

—ﬂ&/"\

REVERSE CIRCULATION

VALVE ! l
|

BY-PASS VALVE /{

SAFETY JOINT —— ]| |

PERFORATED ANCHOR —
AND
PRESSURE RECCROERS

Such tests are useful to evaluate a zone in a well for

 —ORILLSTEM

| ————MULTI- FLOW
EVALUATOR

SAFETY SEAL
MCKER

HYDRAULIC JARS

Diagram of currentiy operational DST tool. (Afier

McAlister, Nutter and Lebourg.?

1
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| g K5
| ! | A
W.EE. DUAL il /L 41 .
: : ~MFE.DUAL M.FE.DUAL  MEE DUAL
EESTS'E%L VALV t CONTROL VALVE AU LA™ conTrOL CONTROL
! by OPEN I“. [ VALVE VALVE
L L4 cuoseD CLOSED
[l j# N,
) BY-PASS VALVE | [sameLe SAMPLE (2730ca)
- BY- 2 TRAPPED AT RETRIEVED
T ObEN S HYE WJ |€F cLoseD B.H.FLOWING UNDER
r CONDITICNS | PRESSURE
= \
‘ BY-PASS BY-PASS
g ees | j —— e | S G
COCLAPSEL = /?ACRERATEEES l | CLOSED | | | sarety sead
G ACTIV SSAFETY SEAL [ | PACKER .
j PACKER SET M gEPAUQTL'ggTLD
& ACTIVATED N POOSE
! 1
. l !
' i
N WELL WELL OoOUT OF
FLOWING SHUT -IN HOLE
Sequence of operations for MFE tool. (After McAlister, Nutter and Lebourg.’)
a *
ot —= ( p—r —

Above is sequence of operations.

At right is typical pressure record
on Amerada type pressure bomb in
tool

. going in hole

Packer set

(to break) flowing

o 0P >

. Shut-in pressure build-
up. D-E a

second flow-shut-in.

" Between

E.
F.
NQOTE:

filter cake and some well damage.

Unseat packer
Coming out of hole

First flow removes mud

Second flow period is more repres-

entative of formation.

PRESSURE —

{S

Provswmsy

TIME ——

Schematic DT pressure record.

ih

\

TNime

PRESSURCLS: AT INITIAL WD

8= NCRER SO LI

C = o, Nornne

0 BT o

L= freal o
0 .C = DA ANDOWN

TYPICAL CHARTS FROM
A SATISFACTORY TEST



Pressure Build-up Analysis

Fluid Ylow is through a choie {(urifice) and if critical flow occurs then
flow rate in flowing period is essentially constant. If this occurs then

conventional pressure build-up analysis applies to shut-in pressure data.

Shown here is conventional

N :
T
"Horner" plot of shut-in pressure, oo o ;

:\‘

. Fwal CI
P L N
ws? VErsus

pss
w3
U SR SRS, U G

o 1800 ; 1 1
tF + At '\mmal cp

R U P,

n ; W\‘ :
At : I TN I | | Jl
| | AL SR
with to  tlow time, At shut-in \ [ [ i |
time. ‘ " | | o —
70.6 quB 'A.'M
Slope = '_.]:qu_ Field example of DST prassure buildup curves.

(After Maier.")

NOTE: "Final" shut-in gives greater kh than "Initial" shut-in, irdicating
clean-up in first flow period. Also note that to estimate kh q must be
estimated from collected fluid volume in drill pipe and a value for W is also

required.

Fluid Sampler

Note that the above tool collects a fluid sample at bottom-hole pressure

and temperature.
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Packagn
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When properly installed. an Oqs Sub Sea Tast Tree s
designed to allow stsndard well proguctivily tasts o be
conductec rtom a ltloaung vessal without removing {he
biow-out prevanter stack. The trea i dasignad ‘o be re-
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This Otis Service s designed (o provide detailed infor-
mation or weli production such as:

. Deliverubility, establishing producuvity rates and

temperatures ot wellhead.

2. Flow capucity of reservoir section penetrated by the

well,
3. Establish a pressure drawdown figure on the well
(dilference between shut-in and fowing pressure),

4. Confirmed deliverability and stabilized flow rate
once rate of pressure drawdown becomes constant
over u pertod of time.

5. Well's productivity index, whether very low or very

high,

6. Conditions at formation fuce,

7. Porosity and permcability of formation or amount of
fturd formution might hold. plus abiiity 1o give up
this {luid.

Amount of permeable/porous rock (surrounding the
well bore and reservoir) containing hydrocarbons
and capubility of fowing this fluid.

9. Reservoir limits or total area of hvdrocarbons trap.
10. Absolute Open Flow (A, Q.F)) potential, if gas well,
11 Back-pressure plot on gas well's performance.
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GAS LIFT

Although the majority of artifical 1ift wells utilize pumping
techniques (85.3%) the majority of those which produce larger quantities
of 0i1 (non-stripper wells) utilize gas 1ift as a means of production

(53%).

Gas 1ift involves the injection of high pressure gas (900-1500 psi)
into the flowing stream with the objective of providing sufficient
energy to 1ift the fluic to the surface. Two techniques are used:

continuous gas injection and intermittent gas injection:

Continuous Injection: Gas is introduced continuousiy at a
controlled rate with the objective of decreasing the gradient

of the mixture (oil + water + gas) flowing in the well.

Intermittent Injection: Gas is introduced periodically at
high rate and for a short time (2-10 minutes) with the objective
of 1ifting the fluid in the well by the rapid expansion of the

injected gas slug.

The following table indicates general guidelines for application of

the two systems:

Continuous: High/moderate P. I. wells with reasonable

bottom hole pressure in relation to their

depth.



Fluid production:
300 - 400G B/D normal size tubing

4000 - 25000 B/D oversize tubing, annular flow

Intermittent: Low production rates either caused by Tow

P. I. or low bottom hole pressure

Fluid production:

20 - 300 8/D normal tubing sizes

Two-Phase (Gas/Liquid Flow in Wells )

The following is a brief discussion of flow characterisitics in

wells with the objective of establishing the principles used in gas

1ift design.

Pressure Traverse

Considering a well flowing at a steady 1iquid flow rate and gas/oil

ratio. The following diagram represents the pressure-depths relation

for a given tubing size. It is defined as a pressure traverse.

Deprh

Pt

»— Pressure

~No

Wl



The inverse of the slope of the pressure traverse corresponds to
the flowing Pressure gradient (dP/dh). The non-linear character of
the relation indicates that the gradient is a function of pressure.
This is primarily due to the presence of the highly compressible

gas phase.

At higher pressure (bottom of well) the actual vclume of the gas
is very smell (even zero if pressure is above bubble point pressure).
The gradient is mainly a function of liquid density and viscous

losses (bubble type flow).

As pressure decreases the gas volume increases. Flow pattern
changes to slug flow introducing different loss mechanisms (counter

flow, s)ippage, momentum) and reducing mi~*ure density.

At even lower pressure flow changes tc annual flow, and in some
cases to mist flow. Fluid velocity increases appreciably and fric-

tional losses control the pressure gradient.

Mat@ematica1 description of the process relies on empirical corre-
lations to predict gas/liquid distribution (flow pattern maps, liquid
holdup) and energy losses. Discrepancies exist between calculation
and observed results and between different methods of solution. A
combination of the methods is generally used to cover the wide range

of operating barameters.



Effect of Principal Variab'es

The flowing prassure traverse is principally controlled by: tubing
size, gas-liquid ratio and liquid rate. Other variables include: flow-
ing temperature, liquid density, water/oil ratio, fluid viscisity and

surface tension.

Tubing Size

For a given liquid rate, gas-liquid ratio, surface pressure and
fluid properties the foliowing figure illustrates the effect of tubing

size.
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The flowing pressure at a given depth decreases as tubing size
increases. (It should be noted however that for excessively large
| 4

tubing in relation to the liquid and gas rates the flowing pressure

increases due to gas slippage and accumulation of liquid in the well.)

The effect of tubing size for various 1iquid rates is shown in

the following tabie.

TUBING SIZE EFFECT

(showing flowing bottom hoie pressures)

Rate
Dia., in. 500 3,000 4,000 8,000
1% 2,042 ——- - ——-
1% 1,680 ——- - -
2 1,371 .- ——- _—
3 1,042 1,592 1,819 -—-
4 _— 1,319 1,459 2,068
5 — 1,025 1,072 1,285
6 ) _— 950 972 1,002
TYPICAL WELL DATA

SGG = 0.650 THT = 100  °F

SGW = 1.074 BHT = 200  °F

SPL = 35.000 DI = 2.441 in.

T = 0.000% GLIR = 500  scf/stb

Depth = 8,000 ft. L = 500  stb

PWH = 100 psig



Gas-Liquid Ralio

For a given tubing size, liquid rate, surface pressure and fluid
preperties the following table and figure illustrate the effect of

gas-liquid ratio.

GAS-LIQUID RATIO EFFECT

GLR FBHP

0 2,938

100 2,669
200 2,234
300 1,783
400 1,398
500 1,175
600 1,042
800 913
1,000 862
1,500 801
. 3,000 752
5,000 768

10,000 915
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At a given depth the flowing pressure decreases as the gas-1liquid
ratio increases. The effect is reversed for gas-liquid ratios greater
than a limiting GLR where the increase in mixture velocity causes

increased frictional losses.

The 1imiting GLR corresponds "~ the minimum flow gradient that

can be achieved in a given tub’  .ize at a given liquid rate.



Liquid Rate

For a given tubing size, gas liquid ratio and fluid properties

the following figure shows the effect of liquid rate.
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The figure shows that at a given depth the flowing pressure in-

creases as liquid rate increases.

A marked change in pressure gradient

occurs at the surface. This effect is due to the very low back pressur

and the high mass rate in relatio

be observed in practical cases wi

n to the tubing size. It would not

th properly sized tubing.



the pressure at scme point in the well (usually BHP or well head

pressure). The point on the chart at the same pressure for the

r
particular gas-liquid ratio o7 the well, represents the point in the
weli. The chart can then be used to calculate the pressure-depth
distribution assigning the correct depth tc the known point and

moving along the constant GLR curve up cor down-hole as necessary.

Application of Continucus Gas-Lift

The production objective is generaily expressed as a specific 01l
rate to be produced into a surface gathering system operating at a
certain pressure. For a given well the oil rate is obtained by es-
tablishing a drawdowr at the formation depending on productivity.
The resulting fiowing bottom hale pressure should be sufficient to
move the fluid to the surface with enough pressure left at the tubing

head to be able to flow into the surface systems.

If the formation pressure is insufficient the well may not flow

or flow at a rate lower than the desired rate.

In ;olution gas expansion reservoirs formation pressure and
productivity decline with increased cumulative recovery. Wells that
may flow initially will stop flowing or flow at reduced rates. In
water drive reservoirs the increased WOR requires increasead total
fluid production to maintain the desired oil rate. Alsc liquid

density increases and gas-liquid ratio decreases as WOR increases.
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Continuous gas 1ift is used to reduce pressure losses in the
wellbore by introducing gas in the flowing stream thereby reducing

¥
the density o7 the fluid mixture.

Genera) Guidelines

Gas Volume Requirements: 150-250 SCF of injected gas per

barrel of fiuid 1ifted per 1000 ft. of 1ift.

injection Pressure Reguirements: 100-150 psi per 1000

ft. of 1ift.

Maximum Depth of Lift: for normal tubing sizes <4" the

depth of injection for given tubing (Ptf) and coring (pci)

pressures is

pci - Pes

0.15

Depth =

Pressure Baiance in Continuous Gas Lift

For steady state conditions of formation fluid production and gas

injection the following diagram represents the pressure-depth relation

existing in the well.
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The point of balance corresponds to the depth at which casing
pressure iﬁ equal to tubing pressure. In order to inject gas into
the tubing the operating valve has to be above the point of balance.
The distance from the point of balance depends on the pressure drop
across the value seat due to flow of the required volume of in-

jection gas. (AP x 50-100 psi.)

valve

The following relation can be established for average flowing

gradients §af and §bf above and below the point of injection:

Pos * Yar Doy * Ypg (Dg = Doy) = Pge
where
DOv = depth of operating value
Df = depth of formation
§af = gradient above injection is a function of

voelume of gas injected.

For a given flow rate ow is constant so that changes in DCV and

Yot will result in changes in the flowing tubing pressure Ptf‘

Gas Lift Design Problems

The obective is to design a system economically justifiable.
Objective function expressed in terms of energy efficiency or in terms

of presert value when comparing alternative artificial 1ift systems.

The decision variabies that are usually considered include:
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Tubing Size

F]ow]i?e vize

Surface Gas Injection Pressure
Liquid Flowrate

Fiowing Tubing Pressure

Injected Gas-Liquid Ratio

Separator Pressure

Two cases are relevant:

1. Flowing tubing pressure is independent of flow rate. This
case involves situations where length of surface flowlines
is small and separator pressure determines tubing head

pressure.

2. Flowing tubing pressure is dependent cn flowrate. This

case involves significant length of surface flowlines.

Controllable Tutinghead Pressure

The problem is approached by assuming a tubing size, a desired
flowrate and a flowing tubing pressure. The independent variables

are therefore casing injection pressure and gas-liquid ratio.

The greater the casing pressure the deeper the point of injection
and smaller volume of injected gas to achieve the same flowing tubing
pressure. The following figure illustrates this relationship for a

given condition.



For a given flowing tubing pressure:

-
[ Erf -P(:\ ch -‘J:I
\ o ?'c'.qu‘Q

2" Tubiug
400 B/p

Gm =z 20n0

AP -Fov 6iueu ;‘ow ra.G,

GLR s oo

Deplt 2, 2

For each case the variable of interest is the power for injection
and volume of gas required. Compression horsepower is calculated for
each point and the calculation is repeated for various flowing

tubing pressures.

This results in families of operating curves which can be used
in selecting possible ranges of variables to be considered in de-

tailed economic anaiysis.

For each point the Adiabatic horsepower is calculated and plotted

vs. injection pressure.
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At the corresponding points the injected GLR is plotted vs.
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Injection pressure is selected that will result in minimum horse-
power over the range of possible fiowing tubing pressures. and the
b

correspording GRL are determined from above.

Note that when various wells are involved having different produc-
tivities this will result in different requirements for each well if

the same rate is desired for each well.

In this case wells can be grouped in ranges of PI and requirements

calculated for these ranges.

: 8/
\ q ?f’ /D
\ 2" lol,iua.
\
AN
\5
.'L—udu(-ﬁh
GLR
FTP = 200
T T - FTPe200
. .Twc#aa Presivre .

Which shows that the gas requirements increase as the productivity

decreases, for a given injection pressure.

Uncontrollable Fiowing Tubing Prassure

The presence of long surfac2 flowiines connecting the wellhead

to the separator {constant pressure point) causes a back pressure

17



which is a function o7 the flowrate through the flowline.

in gas liquid ratio will cause changes in tubing pressure.
»

Changes

The

performance of the system will be controlled by the performance of

the flowline and of the wellbore.

Given: Tubing Size

Casing Injection Pressure

for a flow rate it is possible to establish the various

flowing tubing pressures as a function of GLR.
?L ?tt

W\ |

\ —
7

\Y ' T

w

Q:
GLR

800
1500
2200
3000
3500

600 B8/D

Pes

200
270
235
305
305

repeating this for various flow rates the performance of the

wellbore can be obtained as:

Flow Rafe

18
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For a given flowline site, length and separator pressure, the

partormance of the fiowline can be expressed as a plot of intake
1

pressure vs. flow rate for various gas-liquid ratios:
3000 GLR
/

Horizonta] Flou

2200 GLR
/ / Given

- / 1500 GLR Separo.f'or Press
- Boo GLA

Pin‘l‘q Re

Flow Rale C]

t steady state conditions Pintake = Ptf so that the intersection
of curves of equal GLR constitutes the possible flow rates as a

function of injected gas.

Horizonlfal Flow

Verfical Fiow

}a/ . : \
’ '
;

Ci Flow Rate

max

W A
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The procedure is repeated for available combinatiorns of casing
jection pressure, tubing and flowline sizes, resulting in families
1

curves from where operation parameters can be selected for detailed

st and efficiency calculations.

dividual Gas Lift Weli Design

The majority of these problems involve selecting the depth of
e operating valve, the volume of gas to be injected and the spacing

" the valves used for unloading the well {unloading valves).

ctors That Influence the Design

From the previous discussion can be concluded that the principal

ctors affecting the design are:

Available injection pressure
Available gas volume
Tubing size

Flowing tubing pressure

-

lese parameters must be established prior to undertaking the design.

Generally the following data are needed or appropriate estimates

ive to be made for the unknown quantities.

Depth of well
Depth of tubing

Size of tubing and casing

Ay

Gy
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Size and length of surface flowline
Separatpr back pressure
Expected fiowing tubing pressure
Desired producing rate
Production GOR
Production WOR
0il, gas, water gravities
Bottom hole tamperature
Tubinghead temperature
Well infleow performance or Pl
Stabilized formation pressure
PVT data for produced fluids
Injection gas pressure
Injection gas maximum rate
Injection gas PVT data

*Ki1ll fluid gradient

Unloading back pressurs

Some of the data is seldom known. Generalized correlations can then

be used to obtain approximate results.

Design Steps

The following is intended to illustrate one of the many methods.
The first part of the design involves the determirition of the point

of injection.



1. Prepare a pressure Vs. depth graph with scales jdenticai

to.availab1e flowing gradient curves.
2. Plot static BHP.

3. From IPR calculate ow at the desired

flow rate. Plot Pw..

T

4. Calculate static gradient and plot static gradient 1ine

from P _.
S

5. Plot flowing gradient line from ow.

Use gradient curves

for appropriate rate, GOR, tubing size, etc.

6. Plot casing injection pressure and kick off pressure at

surface.
7. Plot gas pressure gradient line in

8. Determine point of balance. {Flowing

casing pressure.)

tubing pressure =

9. Determine point where Ptubing - Pcasing =8P aue

10. Plot flowing tubing pressure (Ptf)'

11. Connect Ptf with point of injection with appropriate

gradient line.

These steps yield the depth of the operating valve and the gas-1liquid

ratio required above the point of injection in

order to obtain the

23



desired tubing pressure,

The operating valve has to be sized to allow

the injection of the gas volume necessary to achieve the design gas-

r

liquid ratio.

The second part of the design involves the determination of the

number and spacing of the valves required to unload the well (unloading

valves).

The following diagrams illustrate a typical
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The process aims at reducing the fluid level in the annulus until the

operating valve is uncovered.
1 ]

The important aspect is that at any time only one valve should -

be open and injecting gas.

If this is not the case the efficiency of

the installation is greatly reduced and it may not be possibie to un-

cover the operating valve.

greater than that required to produce the desired liquid.
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Spacirg of valves depends greatly on the type of valve used
(pressure valve, fluid valve, balanced valve, etc.) and the parameters
r
reflecting gas availability, maximum injection pressure and tubing

back pressure.
The following diagram illustrates one such procedure which assures:

Unlimited kick off gas available

Pressure valves

PRESSURE. (100 PSI1)
2 4 6 B 1D 12 14 16 18 20 22 24 26 28
! 1 1 1T

Siover

(S

DEPTH (OO0 FT )

e 1RO O
/ heinro ru roe
¥

Valve Mechanfcs

The following is a brief outline of the principal characteristics

of the major types of gas lirt values:

r\ -
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Continuous Flow: Capable of throttling gas into the tubing
string keeping pressure constant inside tubing. Change
v

orifice size to take care of injection rate changes.

Intermivtent Flow: Large port size to ailow quick injection

of gas into tubing. % - 1" port sizes.

Either can be opened by:
1. buildup of pressure in annulus
2. buildup of pressure in tubing

3. combination of 1 and 2

Bellows Type Valves

A.

Unbalanced Intermittent flow

Forces closing valve

Fc = Pd Ab
j?oL Forces opening valve
A
_EZZQZ;;;.;V///' J | Fopen = Pc (A, - Ap)
///’3/ ' + P A
) //J /-/_,T-_—% P
. _—s
U =P
g —‘ii\ AR
- e
,/ /Tutg}u
7 J
g
)2
A,
~
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Valve closed ready to open

p=J
}
O
p=J
o
1
I>
©
S
+
B
ct
I>

c/open 1 - Ap/Ab
A
Let 4= = R
b
Pd - Pt R

Pc/open 1-R
R is also known as the tubing effect.

Valve open ready to close

Force to close = FC = Pd Ab
Force to open = F0 = PC (Ab -A)+ P. Ap = PC Ab
Closing valve PC = Pd
Assume R=0.1
Pd = 700 psig
Pc/ogen Pc/c]ose BE Spread
777 700 0 77

755 700 200 55



Cont.inuous Flow Valve
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Closing
> Pa Py
\\\\\N Opening
? — N} — Tt P (A, - A) + P A
IR
é?ﬁ?& :t:6¢/o _ pd - pt R
j\\ £ c/open 1-R
AR
C,qah,_
pdl
e~ | £

After opéning, the pressure below the stem will be different

(less) than Pc'

Open to close

c ' B p d b
_— Pd Ab - Pi Ap _ Pd - Pi R
o Ab - Ap 1 --R
Pi will be a function of tubing pressure.
Variable Choke Valve
.. == hon Frﬂbn'?co(
du beflows
L. (ia 3[ZZE
~—, _72*-‘ | sPrluj_
dsz
Wl
| \~\

' “\AP.




RESILIENT
SLEEVE

__FINNED
RETAINER

¥Y L RESILIENT
CHECK VALVE

DISCHARGE
PORTS

B. Balanced
FlexitTe Sleeve
P > P _
c¢/o = d MANDRE L
Pc/c j-Pd
<~
CLOSED POSITION
C. Fluid Operated Valves (Balanced)
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2

o
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A

/

Choke
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A
N
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Closing

Opening
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P DOME

MANDREL HOUSING

RESILIENT
SLEEVE

B
—ENTRANCE
[} siots

p E FINNEO
t RETAINER

N RESILIENT
CHECK VALVE

DISCHARGE

OPEN POSITION

fl

Py Ap

PtAp+Pt(AB'A)
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Fluid Operated Valve (Unbalanced)

fPD //// ™ Closed to open
Closing P, A
N “ D "B
\\\:<il§§\\\)> Opening = P, (A, - A )
f t g
p
NS P (A)

i

el
- __ R Py = P (1-R) =P R

Egé;
T
Also fluid operatec valves
N\
\\\ _

with uncharged bellows

and spring load.

- \m\ | p, = P, + 125 psig
NER

N
N\ \\\
N N - Sr.,’ ~ lZS'rs:
: T t \./’T¢ﬂ=; Y
b - ‘//
Rl = M 4

AN <\

N ?.

The spring controls the difference in pressure between

casing and tubing at which the valve opens.



Example: Data

Depth of Well
Size of Tubing and Casing

Producing Conditions: Sand, Paraffin

Size and Length of Surface Flowline
Separator Back Pressure

Expected Flowing Tubing Pressure
Desired Producing Rate (Total Fluid)
% Water

S.G. of Injection Gas

Injection Gas Pressure and Volume
IPR

BHT

Surface Flowing Temperature

API Gravity of 0il

S.G. of Water

Solution GOR

Static BHP

F.V.F.

Viscosity and Surface Tension

Kill Fluid Gradient

Loaded to Top

Unloading to pits - first valve
to sep. - all others
Pt = 100 psig

PKo

Pressure Valves

32

8000 ft.
2" tubing

50 psig

100 psig
600 Bbl/day
95%

0.65

900, no limit
Pl = 3
210°F

150°F
40°AP]

1.02

200 SCF/Bb1
2900 psig

0.5 psi/ft

100 spig

25 psi casing pressure
drop per valve
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Intermittent Lift

Fluid produced from the formation is allowed to accumulate in
the tubing. Gas is then injected at a high rate into the tubing
with the objective of displacing the liquid slug to the surface as

shown in the following diagram.

A. Buildup of Liquid B. Fallback as Liquid
Slug Droplets Below Siug

C. Fallbock on Tubing D.Valve Closed
Wall Below Slug

When the combination of surface back pressure, weight of gas

column and hydrostatic pressure of the slug reaches a specified value
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at the gas 1ift valve, gas is injected into the casing annulus through

some type of control at the surface for a definite injection time.
]

When the casing pressure increases to the opening pressure of the
gas 1ift vaive, gas is injected into the tubing string. Under ideal
conditions the liquid, in the form of a slug or piston, is propelled
upwards by the energy of the expanding and flowing gas beneath it.

The gas travels at an apparent velocity greater than the liquid slug
velocity, resulting in penetration of the slug by the gas. This pen-
etration causes part of the liquid slug to fall back into the gas

phase in the form of droplets and/or as a ¥ilm on the tubing wall.

When the liquid slug is produced at the surface, the tubing pres-
sure at the valve decreases, increaging the gas injection through the
valve. When the casing pressure drops to the valve closing pressure,
gas injection ceases. Following production of the slug, a stabilization
time occurs during which the fallback from the previous slug falls or
flows to the bottom of the well and becomes a part of the next s1q9,

which is feeding in from the producing zone.

-

Liquid fallback can represent a substantial part of the original
slug. Control of fallback determines the success of an intermittent
gas 1ift installation. The inability to predict liquid fallback has
resulted in overdesign of many installations. In many cases high
recovery rates are achieved, but frequently at excessive operational

costs which limit the profit-making ability of the wells.

(¢



-ne following figure shows a typical recording in which gas was
injected 1ntq 2" tubing at a depth of 5940 feet through a 1" ported
gas lift valve. Pressure recordings are illustrated at depths of
5936, 4290, 2493, 1685, 967, 477 and O feet. The initial tubing
pressure at the valve was 350 psi, and the initial slug volume was

2.345 B(95% salt water).

PRESSURE (PSIG)

{ { 1 \ I 1 ! ] ] : T I
P, * 550 1 PORT
P, = 65 350 PSI LOBD
TOO}~ TUBING SIZE = 2" 3500 SCF/CYCLE -

G/L * 2020

RECOVERY + | 75 BBLS
INITIAL SLUG * 2 345 BBLS
LIFT DEPTH s 5940

Js\, C MAXIMU.: PRESSURE

[\ 6°  UNDERNEATH SLUG

600

A
611

500

o

400

9"‘1'

MINIMUM
PRESSURE

L’ L4
300 5 AT VALVE

200+

PRESSURE
STABILIZATION
ESTABLISHED

100

—

SURFACE TUBING PRESSURE

N VRN TOREN NN TR NN SN SN VS (R U v—
O 2 4 6 B 10 12 14 16 18 20 22 24 26 28
TIME ( MIN)

o

The following informaticn can be obtained from the pressure

recording at the valve at 5936 feet:

.
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At zero time the initial tubing load was 350 psi.

As gas was injected, the slug accelerated until the tubing

pressure at the valve reached 600 psi within 2-3 minutes.

The slug reached the surface in 4 minutes, 35 seconds as
noted on the zero depth curve (surface tubing pressure).
The pressure at 5936 feet began to decrease at this time,

although the gas 1ift valve had not vet closed.

As the slug was produced at the surféce, the pressure at
5936 feet dropped to approximately 530 psi in 8 minutes,

at which time the gas 1ift valve closed.

The pressure then dropped sharply to a minimum of 208 psi
in about 12 minutes. The minimum pressure represents a
combination of well back pressure, liquid fallback, and

fluid feed-in into the wellbore from the producing formation.

The minimum pressure remained fairly constant for 4-5
minutes during which time the fluid in dropiet form was
still being produced at the surface, tending to reduce the
pressure at 5936 feet. However, liquid faliback and feed-
in offset the pressure reduction, resulting in the constant
pressure. The shape of the curve depicting minimum pressuvre
before the pressure builds up varies, depending upon thg

rate of liquid production (82 B/D for this well).

e’



7. At approximately 18 minutes, the pressure at 53936 feet

began to show a decided increase due to liquid feed-in.
1}

From the pressure recording at 4290 feet, observations similar to

those at 5936 feet can be made:

1. The stabilized tubing pressure at zero time was 80 psi,
indicating that the top of the slug was initially below

this point.

2. The top of the slug reached 4290 feet in about one minute,

at which time the pressure began to increase.

3. The pressure continued to increase as the slug passed
4290 feet, but did not reach the pressure level of 600
psi attained at 5936 feét. The lower maximum pressure
of 575 psi is a result of part of the slug being lost

as liquid fallback.

4. The pressure dropped at about the same rate as on the
. 5936 feet recording whan the slug was being produced

at the surface and after the gas 1ift valve closed.

5. After 12 minutes the pressure at 4290 feet continued to

fall since liquid feed-in had not reached this level.

6. After approximately 18 minutes, the pressure had again
stabilized at 80 psi. This represents the time required

for the fallback in the tubing to settle completely,

37

\
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and is important in determining the optimum physical

cycle frequency.
1

The pressure recordings at 2493, 1685, 969 and 477 feet show the
same general trends as do those at 4290 and 5936 feet. The times at
which the slug reached these depths can be easily determined. After
attaining their maximums, the pressures continually decreased, becoming
constant after about 18 minutes. With decreasing depth, lower pressure

maximums are discernible, indicating more liquid fa]lback.

The pressure curve at the surface (zero depth) shows the following:
1. At zero time the tubing back pressure was 65 psi.

2. The 1liquid reached the surface at 4 minutes, 35 seconds.

3. The pressure reached a maximum of 195 psi.

4. The pressure dropped immediately, indicating the major
portion of the production had been recovered. Subsequent
production in the form of droplets and finely-dispersed

fluids follow production of the intact slug.

5. The gas following the Tiquid slug (tail gas) has completely

escaped within 14 minutes.



Pumping

There are three major types of downhole pumping systems:

a)  Sucker rod pumping

b) Electrical submersible centrifugal pumping

c)  Hydraulic
Their relative importance is approximately such that of all the U. S. wells
producing by artificial lift (& 92% of all U. S. producing wells) about 85% use
rod pumpi.ng, 2% submersible and 2% hydraulic with the remaining 11% being
produced by gas lift. The majority (93%) of the rod pumping wells are
strippers (less than 10 B/day) aithough they usually produce greater volumes of

fluid because of large water to oil ratios.

General Concepts

In all cases the pump provides energy to move fluid to the surface
allowing the use of reservoir energy only to move fluid to the wellbore and up

~ to the pump intake.

A pressure-depth diagram for a pumping system will be similar to the

following.



Pressure

Tubing pressure distribution

Net
lift

K""""""' STt T T =T Pump depth

Perf. Depfh

{

Depth wi S

The pump will be set at a depth greater than the Jiquid level in the casing
annulus to insure that sufficient head is available to flow into the pump

intake.

Pump displacement has 1o be adequate in relation to pump depth and
formation prodgctivity. If the pump capacity is too large the fluid level will
drop to the pump level. Gas will enter the pump, reducing its efficiency and
possibly damaging it. If the pump capacity is too small the fluid level will rise
above that required to maintain the appropriate drawdown (Pr - Pw) and it

will not be possible to achieve the desired production.

The efficiency of any pumping system is greatly reduced by the presence
of gas in the flowing stream. Whenever possible pump depth should be such

that the intake pressure is greater than the bubble point pressure of the fluia

G :



being pumped. For most applications this can only be achieved by letting the

majority of the gas in solution evolve and rise through the annulus tobe

produced at ‘the casing head.

.’
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. (:) e
;
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]
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Sucker Rod Pumping (also Beam Pumping)

Steel (also fiberglass) rods are used to transmit reciprocating motion to

the downhole positive displacement pump from the surface beam pumping unit.

System components:

a)  Pumping unit

Prime mover

Gear reducer

Beam

Counterbalance

b)  Sucker Rod string
c)  Downhole pump

d)  Tubing anchor, gas anchor, polished rod, stuffing box, etc.

The following schematiz diagram indicates the relative position of the

principal elements.
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The Pumpin'g Problem

Production engineers are faced with two types of problems with regard

to rod pumping:

a)  Design problem

b)  Performance problem

Design problem consists either of the complete design of a pumping system:

Select pumping unit, rods, pump, speed, stroke

or for a given pumping unit:

Select rods, pump, speed, stroke.
In either case the design objective will be to produce at a certain oil flow rate.

The Performance problem involves analysis of an existing pumping

-*

system to determine if it is operating according to design and if not

recommend necessary ch-rges.



Descriptiomr of Components

a) Pumping Units

Pumping units are classified according to type:

Unit Type AP! Designation
Conventional or Crank C
Counterbalance
Beam Counterbalance B
Air Counterbalance A
Mark II (Unitorque) M

Long Stroke -

The following figure shows the various types of pumping units.
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MARK 1l UNITORQUE UNITS

l

AoV
FULCRUM l
|

<

e — -

COUNTER
BALANCE

CLASSII LEVER SYSTEM - LUFKIN MARK II.




B

1OLER POWER IDLEK

SHEAVE "’\ | DRUN _ SHEAVE
O - /20T
O

O WEICHT
P
[\\ |

CABLE

E=o—..-.o-q{~.~g? \/

oy
ARAARARAR AR AR AR AR AR RN RN A A AR RN AR DR RN
C TRAVEL I NG
L STUFFING
poed BOX
b /w/suu.\'r.
| cres
a
r- COURNTEK -
wEICHY
VELL \/
SEALING BARRFL

PURENG COUNTEKR
BALARCE -

Ll
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Pumping Unit Rating is deiined by three parameters:

a)  Peak torque - that can be developed at the gear reducer (in-Ib)
b)  Beam Load - that can be applied to the polished rod (lbs)

c) Maximum stroke - that can be transmitted to pump.

The following table presents the typical range of above parameters corresponding

to the various pumping unit types currently manufactured.

Unit Type Torque-Range Beam Load Range Stroke Range
in.-lb Ibs in.
C 5,000 - 912,000 5,300 - 16,800 30 - 168
B 4,000 - 57,000 7,600 - 47,000 64 - 300
A 11,000 - 3,648,000 17,300 - 47,000 64 - 300
M 80,000 - 1,280,000 14,300 - 42,700 64 - 216
Long Stroke 360 - 480

The unit characteristics are used in the standard designation:

c - 222D - 200 - 74
et - et et
type torque load stroke

Conventional, 228,000 in-lb Double gear reducer, 20,000 Ib beam load, 74 in.

maximum stroke.
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Agglications

b)

Conventional: comprise the majority of applications.
Beam Balanced: generally shallow low flow wells,

Air Balanced: deep and high volume wells. Offshore wells.
Mark II: moderate to high volume wells.

Long Stroke: Viscous crude, deep wells.

Prime Mover: generally consists of an electric motor operating at

approximately 1750 RPM. The desired pumping speed is obtained by
selecting appropriate size V-belt pulleys in relation to the unit's gear

reducer.

Natural gas internal combustion engines are also used generally in

remote iocations. Casinghead gas can be used as fuel.

Sucker Rods: Transmit reciprocating motion from the pumping unit to

the subsurface pump. They are subjected to cyclic loading in a corrosive
environment. Thus fatigue and corrosion are the principal constraints in

des:ign and selection of sucker rods.

Standard steel rods are manufactured in diameter from 1/2" to 1-1/8" to

cover the wide range of applications.

Tapered rod strings are commonly uscd in deep wells in order to optimize the

utilization of rods and reduce overall loading. APl RPLlIL presents

recommended combinations of rod sizes as a function of the diameter of the

pump plunger.

(?)D
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RE 11L: Devign Calculntiona {
TABLE 4.1
9 ROD AND PUMP DATA
Sce Par, 4.5,
1 2 3 : 5 6 7 8 ) 10 11
Plung. Rod Elastic )
Diam., Weight, Constant, Frequency Rod String, 9% of each size
Rod* inches b per ft in. per lb ft Factor, ’ —

__No, D W, E, F. 1% 1 % % b Y
44 All 0.726 1.990 x 10°° 1.000 e e e 100.0
04 1.06 0.908 1,668 x 10-° 1.138 - L . 44.6 565.4
64 1.25 0.929 1.633 x 10-¢ 1.140 . . , . D 49.6 60.6
54 1.50 0.957 1.584 x 108 1137 R N . 56.4 43.6
54 1.70 0.990 1,525 x 10-¢ 1,122 o . 64.6 36.4
54 2,00 1.027 1,460 x 10°¢ 1.095 U . e 737 26.3
64 2.25 1.067 1.391 x 10-¢ 1.061 R e e e . R 83.4 16.6
64 2.50 1.108 1.318 x 10-¢ 1.023 . - e 92.5 6.5
05 All 1.135 1.270 x 10°° 1.000 - . . . 1000 ...
04 1.06 1.164 1.582 x 10-¢ 1.229 c— e R 33.3 33.1 33.b
34 1.25 1.211 1.319 x 10 1.215 - 31.2 36.9 26.9
64 1.50 1.275 1.232 x 109 1,184 . e e 423 404 17.3
G4 1.75 1.341 1.141 x 10°® 1.145 R . 474 45.2 74
65 1.06 1.307 1.138 x 10-¢ 1.098 . C. o 344 65.6
65 1.26 1,321 1.127 x 10-¢ 1.104 ... e, . 37.3 62.7
65 1.50 1.343 1.110 x 10-¢ 1.110 . .o 41.8 68.2
G5 1.76 1.369 1.090 x 10-¢ 1.114 e . 46.9 63.1
G5 2.00 1.394 1.070 x 10-¢ 1.114 o 52.0 48.0
G5 2,25 1.426 1.045 x 10-8 1.110 . . b65.4 41.6
6% 2.50 1.460 1.018 x 10-¢ 1.099 . . 65.2 348 ...
G5 2.75 1.497 0.990 x 10-¢ 1.0B2 s e e 72.6 276 e
65 3.25 1.574 0.930 x 10-¢ 1.037 .. e 88.1 11.9 e
66 All 1.634 0.883 x 10-¢ 1.000 e . 100.0 e e
75 1.06 1.666 0.997 x 10-¢ 1.191 .. 27.0 274 46.6
75 1.25 1.604 0.973 x 10-¢ 1.193 . . 29.4 29.8 40.8
70 1.60 1.664 0.935 x 10°° 1.189 33.3 33.3 33.3
75 1.76 1.732 0.892 x 10-¢ 1.174 . 37.8 37.0 26.1
75 2.00 1.803 0.847 x 10-¢ 1,151 ... . 424 41.3 16.3
75 2.2 1.875 0.801 x 10-° 1.121 . . 46.9 45.8 7.2
76 1.06 1.802 0.816x 10°® 1.072 S L 28.5 71.5 e
16 1.25 1.814 0.812 x 10-¢ 1.077 . 30.6 69.4 e
76 1.50 * 1.833 0.804 x 10-¢ 1.082 o 33.8 66.2 I
76 1.75 1.855 0.795 x 10-¢ 1.088 . 37.6 626 ..
76 2,00 1.880 0.785 x 10-¢ 1.093 417 68.3 C e e
76 2.25 1.908 0.774 x 10°¢ 1.096 46.5 63.5
76 2.50 1.934 0.764 x 10-¢ 1.097 50.8 49.2
76 2.76 1.967 0.751 x 10¢ 1.094 66.6 43.6
76 3.25 2.039 0.722 x 10-¢ 1.078 . 68.7 31.3
76 3.75 2.119 0.690 x 10-0 1.047 . 82.3 111
77 All 2,224 0.649 x 10-¢ 1.000 ) 100.0 . e
85 1.06 1.883 0.873 x 10°¢ 1,261 222 22.4 224 33.0
BS 1.25 1.943 0.841 x10¢ 1.263 23.9 24.2 24.3 27.6
85 1.60 2.039 0.791 x 10-° 1.232 26.7 27.4 26.8 19.2
BS 1.75 2.138 0.738 x 10-0 1,201 ... 29.6 30.4 29.6 10.6




8 American Petroleum
TABLE .1 (Conlinued)
v See Par. (.5,
1 2 3 4 [} G 7 8 9 10 11
Plunger Rod Elastic
Diam., Weight, Constant, Frequency Rod String, 96 of ench size
Rod* inches th per ft in. per Ib ft Factor, -« A~
No. D W, r A 1% 1 % % %% %
86 1.06 2,058 0.742 x 108 1.150 ... 22,6 23.0 643 ...
86 1.25 2.087 0.732 x 10-¢ 1.166 . ... 243 24.0 61.2
86 1,50 2,133 0.717 x 10-¢ 1.162 ... 26.8 27.0 463 L
86 1.75 2,185 0.699 x 10-¢ 1.164 29.4 30.0 40.6
86 2.00 2.247 0.679 x 1¢-¢ 1.161 32.8 33.2 339
86. 2.25 2.315 0.666 x 10-¢ 1.168 36.9 36.0 271
86 2.60 2.386 0.633 x 10-8 1.138 40.6 39.7 e
86 2,76 2.465 0.610 x 10-¢ 1.119 44.5 43.3 12.2
87 1.06 2.390 0.612x 10 1.066 24.3 %7 L
87 1.25 2,399 0.610 x 10-6 1.058 25.7 M3 L
87 1.50 2413 0.607 x 10-° 1.062 277 723
87 1.76 2.430 0.603 x 10-¢ 1.066 30.3 6.7 ... ... .
87 2.00 2450 0.598 x 10-¢ 1.071 33.2 66.8
87 2.25 2472 0.694 x 10-® 1,076 364 63.6
87 2.50 2.496 0.5688 32 10-8 1.079 39.9 G0.1
87 2.75 2.623 0.682 x 10-8 1.082 43.9 60.1
87 3.26 2.676 0.5670 x 10-¢ 1.084 61.6 484
87 3.75 2,641 0.556 x 10-¢ 1.078 61.2 38.8
87 4.76 2.793 0.622 x 10-¢ 1.038 83.6 164 ..
88 All 2.904 0.497 x 10-¢ 1.000 1000 ... L
96 1.06 2.382 0.670 x 10-8 1.222 19.1 19.2 19.6 42.3
96 1.25 2,436 0.655 x 10-¢ 1.224 20.6 20.5 20,7 38.3
96 1.50 2,611 0.633 x 10°¢ 1.223 22,4 22.5 22,8 323
96 1,75 2.607 0.606 x 1¢-8 1.213 24.8 25.1 25.1 25.1
96 2.00 2,703 0.678 x 10-¢ 1.196 27.1 21.9 274 17.6
96 2.25 2.806 0.549 x 10-¢ 1,172 29.6 30.7 29.8 9.8 .
97 1.06 2.645 0.668 x 10-¢ 1.120 19.¢ 20.0 60.3
97 1.26 2.670 0.6638 x 10-¢ 1.124 20.8 21.2 68.0
97 1.50 2,707 0.566 x 10-° 1.131 22.6 23.0 b4b .
97 1.75 2,751 0.648 x 10-¢ 1.137 24.0 25,0 604 ...
927 2.00 2.801 0.538 x 10-¢ 1.141 26.8 274 467 ...
97 2,25 2.856 0.528 x 10-¢ 1.143 29.4 30.2 404 . . .
97 2.60 2,921 0.616 x 10-¢ 1.141 32. 338.1 44
i 2.75 2,989 0.503 x 10-¢ 1.136 36.1 35.3 286 ...
97 3.2% 3.132 0.476 x 10-¢ 1.111 42.9 41.9 16,2 ...
98 1,06 S.068 0.476 x 10-¢ 1.043 21.2 788 .
98 1,25 3.076 0.474 x 10-8 1.045 22,2 78 . L .
98 1.50 3.089 0.472 x 10+ 1.048 23.8 76.2 L L L
98 1.76 3.103 0.470 x 10-° 1.061 26.7 43 . L
98 2,00 3.118 0.468 x 1¢-8 1,066 27.7 o2 S
98 2.26 3.137 0.465 x 10-° 1.058 30.1 689
98 2.50 3.157 0.463 x 10-¢ 1.062 32.7 673 ...
98 2.75 3.180 0.460 % 10-¢ 1.066 36.6 64.4
98 3.26 3.231 0.463 x 10-8 1,071 42,2 678 .
1] 3.75 3.289 0.445 x 10 1.074 49.7 60.3
98 4.75 3412 0428 x 10°¢ 1.064 65.7 34.8
99 All 3.676 0.393 x 10-¢ 1.000 1000 o
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*
f1' 110 Design Caleulutions i]
TALLE 4.1 (Coutinued)
See Par. 4.5,
1 2 3 T 5 G 7 8 9 10 11
Plunger Rod Elastic
Diam., Weight, Constant, Frequency Rod Strirg, 9% of each size

Rod* inches lbperft in. per b ft Factor, — ~
No. D W, E, F. 1% 1% 1 Ta X S
107 1.06 2.977 0.624 x 10°¢ 1.184 16.9 16.8 17.1 9.0 L Ll
107 1.26 3.019 0.517 x 10" 1.189 17.9 17.8 18.0 463 ... .
107 1.60 3.080 0.606x 10°® 1.196 19.4 19.2 19.6 4.9 L
107 1.75 3.168 0.494 x 10°¢ 1.197 21.0 21.0 21.2 36.9
107 2.00 3.238 0.480 x 10 1.195 22.7 22.8 25.1 314
107 2.25 3.336 0.464 x 10°° 1.187 25.0 25.0 25.0 260 . L
107 2.50 3.435 0.447 x 10°¢ 1.174 26.9 275 27.1 182 . L.
107 2.76 3.637 U.430 x 109 1.166 291 30.2 29.3 11.3
108 1.06 3.325 0.447 x 10 1.097 173 17.8 o4 L L
108 1.25 3.345 0.445x 10-¢ 1,101 181 18.6 63.2 ...
108 1.50 3.376 0.441x10° 1.106 19.4 19.9 607 .. e
108 1.76 J.411 0.487 x 10°¢ 1.111 20.9 214 B77T .
108 2.00 3.452 0.432x 10 1.117 22.6 23.0 543 . . Ll e
108 2,25 3.498 0.427 x 10°¢ 1.121 24.6 25.0 506 ... ...
108 2.50 3.548 0.421 x 10-¢ 1.124 26.5 27.2 463 ... L
108 2,78 3.603 0.416 x10°¢ 1.126 28.1 29.6 41.6 L
108 3.25 3.731 0.400 x 10°¢ 1.123 34.6 33.9 31.6 . e
108 3.75 3.873 0.383 x 10-¢ 1.108 40.6 39.5 199 ... L e
109 1.06 3.839 0.378 x 10°¢ 1.035 18.9 Bl L e v
109 1.25 3.845 0.378 x 10-¢ 1.036 19.6 804 . L
109 1.50 3.855 0.377x 10 1.038 20.7 798 . e e
109 1.5 3.867 0.376x 10°° 1.040 22, 7.9 L
109 2.00 3.880 0.375 x 10°¢ 1.043 23.7 76.83 e
109 2.25 3.896 0.374 x 10- 1.046 264 4.6 . L e e
109 2.50 3.911 0.372x 10°¢ 1.048 27,2 72.8 . e e e
109 2.75 3.930 0.371 x 10-¢ 1.051 29.4 70.6 . e v .
109 3.25 3.971 0.367x 100 1.057 34.2 G5.8 —
109 3.7 4.020 0.363 x 10°¢ 1.063 39.9 G0.1 e eveeees
109 .75 4.120 0.354 x 10-¢ 1.066 51.6 48.6 S

*Rod No. shown in first column refers to the lurgest and smallest rod size in eighths of an inch. For example,
Roed No. 76 in a two-way taper of 7/8 and 6/8 rods. Rod No. 85 is a four-way taper of 8/8, 7/8, 6/8, and (/8 rods.
Rod No. 109 is a two-wuy taper of 1% and 1'% rods. Rod No. 77 is a straight string of 7/8 rods, etc.
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As the pump diameter increases the fluid load carried by the rods increases

and the percentage of large rods in a tapered string increases accordingly.

L4

Rod Sizes in Combination

and Their %

6" 5"

Rod Number 65 g 3
Plunger diameter 1.06" | 34.1% 65.66
L.so" 41.80 58.2%
2,754 75.2% 27.5%

Characteristics‘_c_a_f; Sucker Rods

a) Rod weight (W ): Weight in air of the combined rod sizes -

Rod 65 x 106 pump ) W o= 1291 Ib/tt.

1.135 Ib/ft (Uniform diamter)

* Rod 55 Wr

Rod 66 Wr 1.634 1b/ft (Uniform diameter)

b) Elastic Constant

Stretch of unit length of rod (I ft) per unit load applied (Ib)

Er Er in

Ib-ft
Rod 65 x 1.06 pump Er = 1.150x107®
| . . . 1bs
Kr = Spring constent of a given length rod string (—irT ) load

in pounds ta stretch the total length L by one inch.
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1
K ro - ErxL
Kl =" E.x L = elastic constant of rod string of length L ( %
r
c) Frequency Factor F

Cc

Ratio of natural frequency of uniform diameter rod string to natural

frequency of tapered rod string.

N ' '
0 0
=F N
No c 0 FC
N,' = tapered string frequency
N, = uniform diameter frequency (larger diameter)

Rod 65 x 1.06 pump -

FC = 1.085

Natural Frequency of Rod String

Velocity of propagation in rod immersad in fluid

= 16,300 ft/sec.

R 3 ,

- /I Fundamental mode . Maximum
c’ ; displacement (amplitude) at L.

1‘ ‘

{ ‘

( t

C] L w2 S

0! "o T 4L

S

N, = 16200 ftlsec x 60 sec/min . 24000 (-Sycles_
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Characteristics of Rod String

When sucker rods are combined into i rod string of a given length driving
¥

a given pump the characteristics of the system are expressed in terms of

certain dimensionless parameters and in design calculations.

Rod Stretch

For a total force F applied to a rod string of length L the rod stretch

will be given by:

F
Sl' = FX(E.[_L) = -R—[._

: 12
The Er factor can be calculated as AE

r

where A_ . . . . 2
r is section area in in

6

E = 30x 10 bpsi(Young's modulus)

For a tapered string:

F.!_ factors are tabulated in API RP11L for standard combinations.

Dimensionless Rod Stretch

For a unit operating with a polished rod stroke S, the ratio of the rod
stretch to the stroke is a measure of the stiffness of the system and is defined
as dimensionless rod stretch. When F0 (the static load correponding to the

tluid load) is used as the force causing the rod stretch:
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. . r o
Dimensionless rod stretch = g = SKr

This parameger ic used in calculation of the pumping system performance.

Dimensionless Pumping Speed

This parametzr expresses the relation between the speed of the pumping

unit, N (strokes per minute) to the fundamental frequency of the rod string.

(No or N')
. . . N
Dimensionless Pumping Speed: N
0
ZNO 2N,0 ZNO
Generally asynchronous speeds (N = = T T ) are more
o No

desirable than synchronous speeds ( 5y TG a ey e )

Maximum pumping speed corresponds to the asynchronous speed well below the

free fall speed of the rods.

Downhole Pumps

Basically consist of positive displacement single cylinder pumps with
one intake and one outlet valve. There are two basic types: tubing pumps

-

and rod pumps.

Rod Pumps -- Run onto the sucker rods, they fit

into a seating nipple in the tubing.

Stationary barrel, top anchor
Stationary barrel, bottom anchor

Traveling barrel, bottom anchor.



Tubing Pumps -- Barrel is run as a portion

of the tubing.

Types of Barrels:

L - liner
metal plunger.
H - heavy wall
S - thin wall
soft packed
P - heavy wall

The following schematic diagram illustrates the two basic types.

Rod Pump Tubing Pump

N



The rod pump offers the advantage of complete replacement without having to
puli the tubing from the well. In the tubing pump both valves and plunger can

be replacedwy pulling the rods.

Tubing pumps offer the largest plunger area and thus the largest volumetric

displacement.

Pumping Cycle

During one complete cycle fluid is admitted into the pump barrel and
then transferred to the tubing through the hollow pump plunger. During the
upstroke the fluid column in the tubing is supported by the sucker rods through
.the travelling valve. During the downstroke the fluid is supported by the

tubing through the standing valve.

The following diagram illustrates the cycle for a tubing pump

gas ——|-;: v

~—liquid =™ ~

DOWN up TOP



Pump Capacity:
¥
It is a function of the net stroke of the plunger, the plunger diameter, the
pumping speed and the volumetric efficiency:

Q = 0.I5xEvxApxSpxN

Ev = volumetric efficiency

net plunger stroke (in)

Sp
. 2
Ap = plunger area (in“)

N = pumping speed (SPM)
Standard pumps are characterized by a pump constant:

_ Barrels per day
Pump Constant = (SPM)(inch of travel)

so that the pump capacity can be expressed as:
Q = (Pump Constant) (N) (Sp)

Also a fluid load factor is tabulated, which corresponds to the weight per foot
of the fluid column supported by a‘given plunger diameter assuming a fluid

spécific.gravity of 1.00.



The following tables present this information for standard size pumps.

PUMP CONSTANTS
i 2 3 4

Plunger Pigr giam Fluc loag =
diarneler, sguared tactor’ Pump

n sG N ib per It tactor

D, D,? {0.340 « DY) (01166 » D,Y)

1'he 11289 0.384 0132

1Va 1.5625 0.531 0182 .

1% 2.2500 0765 0.262

134 3.0625 1.041 0.357

2 4.0000 1.360 0 466

2% 5.0625 1721 0.590

22 6.2500 2125 0.728

2% 7.5625 2.571 0.881

3% 14.0625 4.781 1.640

43 22.5625 7671 2.630

*For fliids with specific gravity of 1.00.

TUBING DATA
1 2 3 4 )
Elasuc ,
Outside Inside Metal constant,
Tubing diameter, diamaler, " aree, n. perib ft
size n. n. $qQ. In E,
1.800 1.900 1.610 0.800 0.500 x 10-¢
2% 2.375 1.995 1.304 0.307 x 10~ |
2h 2.875 2.441 1.812 0.221 x 10°%
3 3.500 2.992 2.590 0.154 x 10~¢
4 4.000 3.476 3.077 0.130 x 10—
4y, 4.500 3.958 3.601 0.111 x 10-*
MAXIMUM PUMP SIZE AND TYPE
Pump type Tubing size,
1.900 2% 27 KL
Tubing one-prece, 1, 13, 2'a 234
thin-wall barrel (TW)
Tubing one-piece, 12 13 2\ 2.
heavy-wall barrel (TH)
Tubing liner barrel (TL) - 13 2v 2%
Rod one-piece, thin- 1% 1, 2 2%
wall barrel (RW)
Rod one-piece, hoavy 16 1 1% 2%
wall barrel (RH)

Roag liner barrel (RL) —_ 1V 1% 2
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BUCKER ROD DATA

1 2 3 4 i
Rod
Weight Elastic
Metal in air, Constant,

Rod Area, b ggr ft in. perlbft

Size 8q in. r E,

Y 0.196 0.72 1.990 x 10°¢

% 0.307 1.13 270 x 10

% 0.442 1.63 0.888 x 104

% 0.601 2.22 0.649 x 10
1 0.785 2.90 0.497x 10*
1% 0.994 8.67 0.893 x 10-4

Pump Plunger Sizes Recommended for Optimum Conditions
Nat Lift Fluid Production - Barrels per day - 80 pct efficiancy
of Fluid
fe. 100 200 300 400 500 600 700 800 500 1000
1172 |1 374 2 21/4 21212 3/4
2000 23/61223/4}2 ah 2 34
1 1/4. 11/2 (1 3% 2 2140212
11/2013/4 2 21/6021/2 |2 17212 348 |2 3/4 ]2 /4|2 3/4
3000
1176|1172 g1 3/ 2 2 e |z a2z
Lyalr sl o2 |ruajzueg2 AR RYVLRERYA
4000
11/2]1 /4 2 2
1176 | L 3/ 2 2 2 1/4 12 1/4
5000
1 1/2)1 3600 3/4 2
BRI R IA
6000
11/46)11/2
1 1/411 1/2 la this tabulation surface
7000 puxping strokes up to 74
1 1/811 1/4 {n. only are considered.
1174
8000
11/8

A

&



26

Pump Efficiency

The volumetric efficiency of the pump depends principally upon the
fillage of the barrel. This in turn is related to the presence of gas, the

viscosity of the fluid being pumped ard the pumping speed.

Slippage of oil past the plunger also affects the volumetric efficiency.

Slippage of Oil Past Plunger

of . . 6xdxIxapxicd®
leak vxL
d =, plunger diameter {inch)
c = clearance (inch)
P = differential pressure across plunger (psi)
v = kinematic viscosity (centistokes)
L = plunger length (inches)

In addition leakage of fluid past the valves reduces the pump efficiency

requiring- valve replacement.

N/



~n
~d

Net Plunger Stroke

The cyclic nature of the rod and pump motion introduces sequential
loading and unloading of the sucker rods and tubing. The calculétion of plunger
stroke thus requires correcting the surface stroke at the polished rod for the
elastic deformation (stretch) of the rods and tubing. The dynamic nature of
the problem requires consideration of acceleration and vibration effects due to
forcing oscillation of the rod string. The generalized problem including stress
wave propagation has been solved numerically for numerous cases of standard
combinations of rod sizes and pumps resulting in generalized dimensionless

plots presented in APl RPIIL.

In general terms

Sp = S-Sr-St+overtravel

Sr

rod stretch (inches) due to fluid load

St

tubing stretch due to fluid load ( = zero if tubing is anchored)

overtravel = acceleration and dynamic effects
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Dimensionless Plunger Travel

1]
F
-SS-E is a function of pumping speed N and rod elasticity _Sl?
r
_S¢ F
S SK,.
1.0 4
\-/

————-———"/
N 0.6 )
Ne
Fo N S
Therefore for a given rod (=r—) and () the value (—SE) is known.
r o
Sp = (%E) x S for anchored tubing
If tubing is not anchored:
- _ .§E _ o)
Sp = ()xS K,
where Kt is defined as:
1. E, L 1 E. = tubing Elastic Constant in__
E = t where ¢ g b1t
12
E =
t At E

and is tabulated in Table 2.4

‘)
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If the above dimensionless plot is not available the net plunger travel can be

calculated a.s:

12 F L L
1 2 3 o] T
Sp = S- O [+ =521 - = —
E ;o By Ag At
2 L L L
12 SN“M 1 -2 3
+ F ¥ Cpsge) | Al+ A2+—;]

The above relation does not include dynamic effects caused by stress wave

propagation
Ll’ L2’ I.3 = lengths of rods of areas Al’ A2, A3
Ly = tubing length, ({t)

A, = tubing cross-sectional area (inz)

W_ = average rod weight (Ib/ft)
S = surface stroke (in)

N = pumping speed (SPM)

E = Young's modulus (psi)
M

= machinery factor accounting for pumping unit geometry

and its effect on acceleration.

Calculation of Loads

Pumping system design requires the calculation of maximum and
minimum loads experienced during the pump cycle. These loads determine the

size of the pumping unit the torque rating of the gear reducer and the power of

the prime mover.

Peak Polished Rod Load =

Weight of rods in fluid + fluid load + acceleration + friction



K}

i Rod Load =
it of rods in fluid - acceleration - friction

re determined from static loads by considering acceleration

2Cts.

tor

n is simplified considering that sucker rods are subjected to .

motion.

ollowing schematic diagram for a conventional unit.

!

Acceleration at
polished rod




where

C_ = crank r.dius (in)

r
2TN radians/sec.

60

N strokes per minute

velocity in/sec.

v

the vertical component of acceleration

a Coswt so that
=T

a =
r4

the maximum and minimum accelerations correspond to wt = o and wt

so that
L imoe o
- 60 r 51,2

max

obtained by introducing a

polished rod is

at tnhe
geometry of the unit and setting

The acceleration
on the

machinery factor (M) dependent

polished rod stroke

= 3C /M =
S = Lcr/M =
C o N
a. 91.2
The dynamic load at the rods is given by
. a
* W = W ( 1 + - )
a l'/dynamic r/static &
where __g_r_ = acceleration factor = C
MNZS
Then C = 55555 (Dimensionless for S inches and N, Spm).

In practice, acceleration factor should be less than 0.3 o that a maximum

pumping speed can be estimated as:
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The acceleration factor does not include other effects due to vibration and

stress wave propagation in the sucker rods.

Dimensionless Load Analysis

APl RPlIL provides dimensionless charts that include acceleration and
vibration effects. These will depend on how near resonance frequency the
pumping speed is, and the elasticity of the rod string. They are expressed in

dimensionless torm relative to Skr (force that causes an elongation equal to

S)
Fy
<k dimensionless peak polished rod load factor
r
F,
Sk‘ , dimensiorless minimum polished rod load factor
r
Fo
with the rod string being characterized by <k where F = static fluid
r

load (lbs) defined as dimensionless rod stre:ich

Fa (stretch caused by fluid load)

K
.
S (Polished rod stroke)

For the maximum load charts have been prepared as follows:

Y
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F
For a given rod and pumping speed the —E— and —S_l:)— parameters are
) r
calculated &nd the value of ( —S_IIZ— ) is obtained from the chart. The peak
polished rod load is then:

F

PPRL = er+(—5k_r)XSkl"

where er is the weight of rods in fluid.
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For the minimum load:
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In the same way

Fy
MPRL = Wre - (—Sk—r)xSkr

o/
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Torque Calculation

Peak forque deterrnines the size of the gear reducer for a given unit,

Torque is a function of pitman pull, length of stroke and angular position

of crank.

T 5 .

max = (Wmax' WB)f x Ty in-lb
Wiax = Peak polished rod load (PPRL) (lbs)

=
"

B effective counterbalance load on polished rod (lbs)

w
n

stroke (inches)

dynamic factor

a
1

Counterbalance

Even distribution of loads - - even load on upstroke and downstroke - -

Allows use of smaller transmission and prime recover
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UEstroke

At crank:

‘l’ Wir

U ow
Torque = (W, + W, + W_ Wee Wy ) CR a

Downstroke

At crank:

wrf, t

Ir}
a t
t

b

' ®# =

) CR

Torque = ( Wb -We + Wa + Wﬁ_
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For ideal operating conditions set:

Torque Up = Torque Down

]
and assume same acceleration and iriction

Wf+2Wr, = 2 W
1

NOTE: Wb is the counterbalance effect at the crank

Y

/¢ counterbalance effect at the P.R.
- . 285-1
Wr[ = Wr'wrb = 785 W= 0.87 W_
7.85 = specific gravity of steel

—
1]

specific gravity of water

Ideal Counterbalance

The above assumes that kinetic and frictiona! effects are the same in the

upstroke and downstroke. This is not true due to the unit's geometry.

Effect of Rod Dynamics

Peak torque also is a function of the rod dynamics - since it depends on

the peak load. This is handled with dimensionless plots of torque:

PT = (2 ) x sk x 3 x Ta
s
.
Wr
Ta is adjustment necessary if S $ 0.3
r

A



~
remy wun' s
¥ o= $ t - T — 1T — - — =P
¢ T T T T
1 T T T e —t 2
T T ¥ t 3 T
3 T T = T = T T ¥
T T t
> T —t T 17 t = + T T t
+ } a— . I —7T 1 ’u >
+ 3 + + : T
1 > 3 = o hy ¢ I
= 1 T T T T T
i = 3 3. - T oy
= 1 = oo Sy Y T
F— - + +- oy — & + 11 w 2
1 + - +
I, 1 dene il « ¥ ——1 31 oy wngp ahy F-1 Ty 3
T ==
— Tt == T T T
1 I + + 1 + '
T T ~ 1 1 T T t — 1 = = 1
T = 3 T = : $
—— 3 L 1 T
1
. T - T
ST T T
} T - ¥ 3 T T
— BN + + B —
1 1
T N T Y = —= 1 T T =
~T 'y T bud T vt b X a
X " — pn pepepegs pgeeny wm— r S
T > s 1 s
—T —F —T 1-
T T
S = <t 3 === ey o ame s § 3=
1 b -+
N > e 1 =t
T I\ X t P S e — ——t 3=
< X e e »e b — & i anel
[ I +— + =
——t . e ™ ~: T T —t o g
I . b § X, - T 3 + —
T X T 1 T o X 1
T+ T
3 Nt =T -+ ——
28 N: >xr T —r 1 = T
1 h Y ST WA T b - D a— 3. ) S
e z 1 T T
1 + - e S w4 + T x 1 - L 2
9 I + g T . & T T
1 T 7 TN T X T = [ e =
11 TN X T—1 1 L
— I i . w—— —
T3 - o a * syt o4 be T
1= +—] - T _— e x -1 = — 1 4
T b —— Wf.d.o Nt T t— t
—n T =t = T
= T T = . W\ Y -t
—1 N\ X -—— .
1 + N n T !
- T + T S ~ 1=
X N T 3 T
t N X T T -
1 N\ 3 A i T
T + =\ N— —
»e = >e DI X v -~
T W' - X . 3
e 1 b SN A, 4 b R ¢
- T + N 25 : e
e Y T X; T t = T T
3 X — X J
— T —— 4 ~4 —
1X n X . 4 + T
= T T T TV X 33~
T =i T NI * Tt 1
T o X X, t 1
- - | X % Iy
T + ¥ t > XY = X ~t
T = e % = e
7 1 T —— X T
) ¥ X S = 1 . = e g
: 4 XC oo o
> T -t =
T - - — = R o o — T + <
I o I e NS — Tt T
: T S s ay e =t ~— Y t -
T by 1 1 t X< — s
+ 4 X V. qros mamn ~ |¢|uuhv:
3 ! t = A B2 Sy Sty »Illll.@ll‘ —— JI..I T T ml
=+ R e e S —t5, Crs
T T 1 - hY - <L
— 3 - — — et @y e - — -
== $ T T Y S e P T T I D
e T 1 T > s =TS pa-Sa it S i &
— : ot by o o Glvginliiat \ facmpgleyty e Sobut) Soy gl o= o
T —X 1 N
b e T o%, X —— — 5 1 A Sup s &
== t =V X b
: : 1 * o vt ¢ g X -
+ ! — : . - J.Lw = AR = 2
> IS S 4 AT ale T et i by S R
s = EEEsTh e SEET I
— Y1 N X T
T N g 1 1 o Sepant
Y — Y. > X, N\
+ e e I T2\ T X1 1T X .-
1 X: X X T
T t T N = N
S ot e T P X i
T
. —1 1% P\ 3
t X X T
T T T X X \T X
— VA— ﬂﬁ‘ B 4
= ¥ T i e Ny X S o
~ () n A4 - ~ ey o
=} o o c = s -
] x
il
Y .

Zlz

(2]

PEAK TGRQUE FOR VALUES OF

Wy /St

TORQUE ADJUSTMENT
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Power Reguirements

L

Prirne mover horsepower can be estimated from the hydraulic power

required to lift fluid to the surface:

Hydraulic Horsepower = (0.00737) (D) (Q)

D

Q

net lift in thousands of feet

flow rate BBl/day
The brake horsepower is then estimated applying an efficiency factor.

Hydraulic Horsepower

Brake Horsepower = efficiency

Eificiency 0.35

A more accurate calculation of power can be undertaken using the

dimensionless plot of peak polished rod horsepower from API RP1IL.
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Rod String Fatigue

A modified Goodman diagram is used to insure that the maximum and

minimum rod loads result in rod stresses within acceptable range.

Tensile Strength __ __ __  ___

T/2

T/3  B0,000 psi
{

Operalting region for sucker rods

Allowable Stress

T/3

T/6
1

l

T Mean Stress .

-T/6

-T/3

For sucker rods the operating region is defined by:

l

Tmax 6

(T+4 Tav)
provided

<
Tmax = T/3
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and the corresponding allowable minimum stress:

T .

s MIN
provided

T .

min
T and T__.
max min

sectional area.

|
g (8 Tav_ T)

are obtained by dividing PPRL and MPRL by the rod's cross-
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Pumping System Design

Whether the design involves seiecting a new unit or using an existing unit
¥
the objective will be to produce the desired amount of fluids without

exceeding the:

Allowable Beam Load
Allowable Torque

Rod Stress
The basic information required includes:

Formation Productivity

Fluid Properties

The productivity is used to calculate the depth of the working fluid level
at the desired rate. The fluid properties are used in the load calculations and

to determine special restrictions on pumping speed (high viscosity).

Initial choices are rmade for:
Pump depth
Pumping speed
Polished red stroke
Pump diameter
Rod string design.
Then the plunger stroke and pump displacement are calculated and checked

with the desired rate. If not satisfied new parameters (rod size, pumping

speed, pump size) are selected until the rate requirement is fulfilled.

The loads are then calculated and used to select the appropriate pumping unit

size, gear reducer and prime mover.

Selection charts and tables published in APl BUL11L4  are very useful in

determining initial choic of parameters.
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LUFKIN INDUSTRIES, INC.

F-o89 PUMPING UNIT DESIGN CALCULATIONS
Company: Well Name: Date:
Fietd: County: State:
Req‘d. Production: ' BBL's./Day - Pump Depth Ft. - Stroke Length .Inches
' Plunger Dia.: } Inches — Tubing Size: Inche: — Rod Size: — Pumping Speed;___ SPM
ALL TYPES OF UNITS
1. Fo= Depth x Fluid Load, Table 1 = x =
2. SKR = 1000 xStroke +{Er, Table 2 x Depth) = 1000 «x = X ) =
3. Fo/SKR = - =
4. N/No = SPM x Depth - 245000 = x < 245,000 =
5. N/No = (N/NolFe, Table 2 = - .
6. BPD (100% eff.) = Pump Const. Table 1 x SPM x Stroke x SP, Tabie 3 = x x
7. WRF =_Rod Weight, Table 2 -. Depth = x
8.  WRF/SKR = - .
o Ta=1+ [k Tavle7 x (FHF a1 x1ge 1 x ~.3x 10]=
CONVENTIONAL UNITS
10. PPRL = WRF + (F1, Table 4 x SKR} = +{ x ) =
11.  MPRL = WRF ~ (F2, Table 5 x SKR} = - % ) =
12, CBL = 1.06 x (WRF + Fo/2) = 1.06x { + ) =
13. PT = T,T.ble6 x SKR x Stroke/2x TA = x x x =
14, Rod Stress = PPRL=-Area, Table 8 = = =
. AIR BALANCED UNITS
15, PPRL = WRF + Fo + .85x (F1, Tabled x SKR~Fo) = +__'__+ 85 x | x - )=
6. MPRL = PPRL- (F1, Table 4 + F2, Table 5) x SKR = =(. + ] = .
17, CBL =1.06 x (PPRL + MPRL)-+2=1.06 x { + 1+2=
18. PT=T,Table6 x SKR x Stroke/2 x TA x .96 = x x x x .96 =
19. Rod Stress = PPRL-~Area, Table 8 = - =
MARK [ UNITS
20, PPRL = WRF + Fo+ .75 x {F1, Table 4 x SKR~Fo } = + 1.75x x - )=
21, MPRL = PPRL=(F1, Table 4 + F2, Table 5) x SKFH = - + X __. >
22. CBL =1.04 x (PPRL + 1.25 x MPRL}—2 = 1.04 x { + 1.25 x Y2 =
23. PT = {PPRL x 93— MPRL x 1.2] x Stroke-=-4=( _____ _ x.93 =— x1.2} «x +4=
24, Rod Stress = PPRL—+Area, Table8 = _’_ - =
25, NOTE: Do Not Use Less Than One Size Smatler Reduced Than Required For Conventional Unit March 1873



Pumping System Performance

The principal objectives for determining performance are:

a) Determine whether the system is operating according to design

c) ldentify changes in operating conditions that requirc operator's
attention,
d) ldentify causes of performance change.

The two main techniques for performance analysis are the Dynamometer

Survey and the Fluid Level Survey.

Dynamometer Survey

The load-displacement curve is measured at the polished rod during one
or more complete pumping cycles. The resulting diagram is compared with
theoretical or with previously measured diagrams in order to identi{y abnormal

characteristics.

Ideal Dypamometer Diagram

The following schematic diagrams illustrate the various components that

combine in the dynamometer diagram.

W\
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Load-displacement curve, measured at the polished rod for inelastic, "zero"

speed case.,

M upstroke

load }
i{ | “Tdownstroke |7 " friction

plunger stroke displacement

e —
A 4

a) Influence of rod stretch and contraction

load A rod siretch

rod contractiesn

\ 4

-4

siroke length



b)

load

c)

load
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Influence of acceleration

Increase due to acceleralion

- Wrf

.
~ decrease due tfo
acceleration

: N Il N,
{ 1 -

stroke length

Influence of gas compression and expansion

gas expansion suction chamber

/’\‘\ ~— S.v. Opens

¥

stroke length
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d) llnfluence of rod vibrations

N
load
— T -~
~ ~ ~ -
i N N
1 1 e
stroke length
which when superposed to curve C gives
A
load

____________ — maximum load

—— e N e e minimum load

stroke length

is is the diagram measured at the polished rod.



54

. . o-
Atlantic Field - Arkansas
[ 4
TOTAL DEPTH 8188 FT FORMATION__SHACKOVER L INE
DAILY PRODUCTION: OIl 13 WATER._Z7Q _ SP. GRAV. 44’
STROKE LENGTH___64 ‘M. S.P.M 18 A.V.E.68.9 PCT 2+
FLUID LEVEL: STATIC—— —— PUMPING _ . B.H.P
WELL CLASSIFICATION: AGITATOR— PUMPER._ X T
DOES WELL POUND__No . CASING HEAD PRES.__5Q g E
CORROSIVE CONDITIONS: PITTING Yes H2S YES E
CASING SIZE.S3UHFEET. A188  TUBING SIZE__2 LH. b 4
GAS ANCHOR TUBING ANCHORED No W -—-[=
SUCKER RODS: 1~ 7/8" 3/a” 4215 ex 5/ %
TYPE STEELG 07 Llihan ,20-,50;51 5=, 30;N1 3,00-3,50: a
PUMP_2_IN. x 1-3/4 1n, x 9 1 TH_ PLGR. SIZE 'r”;:kz“?:"sb z
PUMPING UNIT__Ixis Cgans . MOTOR 25 e FrecyRic 2 6
UNIT RATING: LOAD. 25,000 12  PEAK TORQULW% ’
GEAR BOX: SINGLE—— DOUBLE X . RATIO =
THESE DYNAMOMETER CARDSB BHOW VERY gMOOTH OPERATION.
THIS MEANS THE BUCKER ROODS HAVE A REASONABLE CHANKCE 8-
FOR .,JROUBLE-FAEE OPERATION (N BPITE OF THE CORROSIVE
FLUID CONDITiONS. UNI!T BTRESS 18 26,000 ps1t.
10
MAX LOAD 11,500 L8
Min LOAD 3,800 vo
Rance 7,700 8
SpeeDd 18 spPM
STROKE 64 N,
/',,/" PotL ROD HP 11,02
ENGCIKE RPM 1170
TinE 11:00 amM
ZERD ‘
. Max LOAD 11,500 ve
MiIN LOAD 3,800 vs8
Rance 7,700 L8
SPEED 18 sPM
STtROXE 64 1IN,
PoL ROD HP 10.64
ENGINE RPM t170
N~ Tinc L1215 am

2ERC
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Boyd Field - Hlinois

TOTAL DEPTH__2044 7Y FORMATION._ﬂmn_Ls.z_iA_un_a_
DAILY PRODUCTIOM: OIlL___24  WATER__43 SP.GRAV._139°

STROKE LENGTH 42 ‘N, SPM.__20 __ AV.E. 22,3 pCcT
FLUID LEVEL: STATIC_________ PUMPING__LOv B.H.P

WELL CLASSIFICATION: AGITATOR . PUMPER_X __
DOES WELL POUND.__Y£s ___ CASING HEAD PRES..___Nonr
CORROSIVE CONDITIONS: PITTING___N¢ H2S.___No
CASING SIZE 23 INSEET.2025 _ TUBING SIZE 2 1.

GAS ANCHOR No TUBING ANCHORED _No__
SUCKER RODS: 1 7/8" 3/4" 2004 rr /8"
TYPE STEEL 10135 CaRBON

PUMP_2 N, x 1-3/6 ix. x 7 rx IYPLGR. SIZE____1-3/4 in
PUMPING UNIT. Twin CRANK MOTOR_IA HP = &-ryi cas
UNIT RATING: LOAD__12,450 1 8. PEAK TORQUE_57,000 1n.-(8
GEAR BOX: SINGLE________ DOUBLE___X RATIO29.33/1

THESE CARDS ARE CHARACTERISTIC OF LOW PRODUCTION OR
STRIPPER WELLS. IN THIS TYPE OF WELL IT IS OFTEN
OIFFICULT TO DECREASE THE PUMP DISPLACEMENT ENOQUGH
TO COMPLETELY ELIMINATE THE FLUID POUND. A 12 1IN,
PUMP OPERATING AT 20 To 24-42 1K. SPM SHOULD PRODUCE
THE MAXIMUM VOLUHE THIS WELL WILL HAKE.

Max LO0AD
* MIN LOAD

RaNGE
"‘i:::::Z::><:SF‘ SPEED
e -STROKE
PoL RrRoOD HP

ZERO Time

MAx LoOAD
MIN LOAD
Range
SPEED
STROKE

PoL roD HP
Tiug

ZERO

e

64

THOUSANDS FEET DEPTH

10

6,800
1,800
5,000
20

42
1.71
I1:30

7,200
3,000
4,200
20

42

I, 14
12:15

L8
Le
SPH
IR.

]
|
La’
i
AM

Le
Le
L8
SPM
IN,
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Livingston Field - South Texas

TOTAL DEPTH___8!50 fY FORMATION___WiLcox

DAILY PRODUCTION: OIL__50 _ __ WATER._S5___ SP.GRAV. 21°
STROKE LENGTH £4 1. SP.M.__12 ANV.E._19.2 pcT 2
FLUID LEVEL: STATIC_50B6 FT PUMPING B.H.P

WELL CLASSIFICATION: AGITATOR_X____ PUMPER________ I
DOES WELL POUND_Na___.___ CASING HEAD PRES. 308 &
CORROSIVE CONDITIONS: PITTING Ho H2S No
CASING SIZESSINFEET 7125 . TUBING SIZE 2 1K,

GAS ANCHORIQ FT 12 1N, TUBING ANCHORED___No
SUCKER RODS: 1 7/8" . 3/4"1650 rT 5/85475 1
TYPE STEEL 4620 Nicwkey MOLYBDENUM

PUMP2_ 1n. x 13 th. x 15 rY Rw?__ PLGR. SIZE_li au
PUMPING UNIT_JTwit CRaNK MOTOR LT 1 =CYL QAS

UNIT RATING: LOAD 20,000 16 PEAK TORQUE_ 250,000 in.-18
GEAR BOX: SINGLE. —_DOUBLE__X_.___ RATIO

THOUSANDS FEE‘ DEP

THIS WELL 1S AGITATING ANO FLOWING AND FOR [HAT

REASON SHOULD BE PUMPED AT A SLOW SPEED. HiIGHER 8-
SPEEDS OF OPERATION WILL OKNLY PUT INCREASED LOADS

ON THE SUCKER ROD STRING ANKD SURFACE EQUIPMENT.

MAx LOAD 13,000 e
MiIN LOAD 6,600 us
RaNGE 6,400 Le
——— SPEED 17 semM
STROKE 64 1IN.

PoL rOD HP 6.l
) TiHE 8:05 aw

ZERO

MAX LOAD 10,206 ue
M MIN LOAD 9,000 s
RaNGE 1,200 L
P SPEED i3 apM
STROKE E4 N,

PoL ROD HP 0.9
TimME B8:35 am

ZERO




57

Gaines County Field - West Texas °
TOTAL DEPTH 5300 r1 FORMATION__L I Mg
DAILY PRODUCTION: OlL__JILL___VVATER__Q__SP.GRAV.
STROKE LENGTH___44 M. S.P.M 16 AV.E._23.1 peT 2.
FLUID LEVEL: STATIC— PUMPING__LoY BHP.____
WELL CLASSIFICATION: AGITATOR . PUMPER___ X T
DOES WELL POUND Yes CASING HEAD PREs._ 10 t8 E
CORROSIVE CONDITIONS: PITTING No H2S Yes ‘S
CASING SIZESIINFEET.__ TUBING SIZE 2 1N, £ a
GAS ANCHOR_ A FT_ 17 1N TUBING ANCHORED__No _____ _ w
SUCKER RODS: 1~ 7/8" 3/47 5175 f1 5/8" w
TYPE STEEL 4620 NicxeEL MOLYBDENUM 8 -L
PUMP_2 IN. x !4 in. x 12 FT RWB  PLGR. SIZE_. 13 in. z
PUMPING UNIT___Twin Crank MOTOR_25 HP MuLTi-cYL g 6-
UNIT RATING: LOAD_ 17,00C L8 pEAK TORQUE. 144,520 iN.-c8 O
GEAR BOX: SINGLE._________ DOUBLE__X____ RATIO =
*OPERATES 9 HOURS PCR DAY.
THIS WELL IS A PART-TIME PUMPER AND ILLUSTRATES THE 8-
PROQRESSIVE PUMP-0OFF OF A WELL. A TAPERED STRING
OF 3/4-1HCH AND 5/B-INCH RODS SHOULD WORK SATIS-
FACTORILY IN TH!S CASE, THEREBY DECREASING THE UNIT
STRESS ON THE TOP SECTION OF THE 3/4-INCH RODS.
10
MAx LOAD 13,850 L8
MIN LOAD 6,800 us
RANGE 7,050 ve
SPEED 16 spu
/ STROKE 44 N,
PoL ROD HP 5.5
Tine 9:00 amM
ZERO
Max LOAD 13,300 cs8
MiIN LOAD 7,100 vs

Rance 6,200 s
SPEED 19 spM
StROKE 44 N,

PoL ROD HP

/ TiMe

ZERO

4.6
11230 aM
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o.
South Mankins Field - North Texas
TOTAL DEPTH 4684 rv FORMATION___CA000 L 1nc
DAILY PRODUCTION: OIl_—_14 ___ WATER_2Q0_SP. GRAV. 2-
STROKE LENGTH___A56_ S PM._l6 _ ___ AVE. &I ec1
FLUID LEVEL: STATIC . PUMPING 8.H.P
WELL CLASSIFICATION: AGITATOR  _____ _ _ PUMPER__X _ I
DOES WELL POUND.___No ..  CASING HEAD PRES.__2Q_es1 E
CORROSIVE CONDITIONS: PITTING MitD H2S NO 3 a-
CASING SIZE L1, FEET__ 465 TUBING SIZE__24 1n, EUE - =
GAS ANCHOR__! in, x 10,5 FTUBING ANCHORED___No &
SUCKER RODS: 1"__ 7/8” 3/47_49% ¢y 5/g” L
TYPE STEEL CaBRON SIFFI a
PUMP_22 IN. x 1-3/¢& 1n. r 14 FY PLGR. SlZE 1-3/4 1IN, 5
PUMPING UNIT TwiN CRANK MOTOR Gas ENGCINE 2% mwep g 61
UNIT RATING: LOAD__ 15,000 18 peaK TORQUE 13,000 in.-te O
GEAR 8OX: SINGLE.________ DOUBLE__* __ RATIO__30.8/1 %
TNE CENERAL SKAPE OF THESE CARDS IS VERY CLOSE TO ThHE 8-
THIRD ORDER MaALRMONIC. THE TRAVEL ING VALVE {5 OPENING
AT THE BCGINNING OF THC DOVNSTROK[, AND THE FULL-BODIED
CARDS ARE CONSISTENT WITH WELLS MAKEING A HIGH PERCENTAGE
OF WATCR. Ir SHOULD BE POSSIBLE TO INCREASE THME APPARENT
VOLUMETRIC EFFICIENCY BY USING A T/B 1n,=3/4 1IN, TAPERED
SUCKER ROD STRING. '
Max LOAD 13,200 o8
"”/,—”"/”~‘\\\\\\\ MIN LOAD 3,800 e
oL RancE 9,400 8
~~—>*—C8 SePeED 6 sem
STROKE 56 1IN,
“///, PoL ROD HP 9.3
ZERO
Max LOAD 13,200 o8
MiIN LOAD 3,800 .8
Rance 9,400 L8
SPEED 16 spM
STROKE 56 1N,
9.3

“///, PoL ROD HP

ZERO
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Dynamometer curve can be analyzed qualitatively to indicate possible

malfunctions of the system. (See atached samples)

It can also be analyzed analytically to determine torque loading as a function

of crank angie.

16000~
5000~ — T /7 " ="13000 | COUNTERBALANCE
12000 N —_—— — - ‘°5°°}EFFECT AT
L N — POLISHED ROD
8000 —i / : j 8000
I 1
4000 -7 L/r// l A\
Q1 | N | 1
0 36°  &0° 30° 120° 1350%120°
360°330¢  300° 2700 2600 21091800

CRANK ANGLE

Torque factor depends on unit geometry. Torque is positive on upstroke and

negative on downstroke.

N
4.5 1+t T
L] .
/. \ counn mc‘tf\ s
3| so A e
° . g .
0 , /\ N\ i /A
o 1.5 44 o -
- i \ \‘ M-]/ \.'.
9 o / A k
. , AT D
z \ WET Tomoue ) \ Y
= % NG, vy . /
W LS L -
g A K { /
€ .5 N\ K v
R 7 /
[ \_L.' '(ru. u‘)zﬂﬂ/
a5 l '
0 90 180 270 360

CRANK ANGLE, @, FROM 12 O'CLOCK POSITION DEGREES
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Computer programs are available to interpret dynamometer information and
by removing the dynamic effects «i the rod string obtain an equivalent
¥

"dynagraph" representing the performance of the downhole pump.

Continuous Monitoring of Well Load

In automated production facilities (CPC Systems) it is possible to

monitor continually the well load.

Use beam load monitor (strain gauges) or polished rod load cell.

Usually position information is not monitored, but some systems also include

an angular position transducer that monitors angular displacement ¢f beam.

Load monitoring allows determination of well pump-off ~- determination
when unit can be shut down to save power. Also gives indication of

malfunctions:

a) Rod failures
b)  Pump wear
¢)  Friction

-

d)  Pump efficiency

The same system is available in portable form allowing fast diagnosis of well

which are not connected to CPC Systems.

Fluid Level Survey

Performance analysis of pumping wells requires determination of annulus
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fluid level. This in turn allows determination of flowing bottom-hole pressure.
In some key wells, permanent bottom-hole pressure recorders are installed,
¥

that give surface indications of bottom-hole pressure.

The problem of determining fluid level has been solved by means of
acoustic surveys (Sonoliog),. Since.pressure affects sound velocity
the determination relies on tubing collar reflections. Curves are also available

that include effect of pressure and temperature on gas acoustic velocity.

The following diagram represents a typical record obtained from an

Echometer Survey. (Next page).

Flowing BHP Calculations

The conversion of fluid level to bottom-hole pressure is complicated by

the difficulty in establishing the gradient of the fluid in the annulus.

Method |

Assume that fluid gradient is not affected by pressure.

Two fluid levels are taken with different back pressure in the annulus.

Measurements are taken sufficiently far apart to insure that steady state

conditions of pumping are achieved.
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Typical completxon & pressure traverse Walker's method
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It is imperative that the same fluid production be obtained at the two

casing back pressures.

Method 2

Close casing to depress fluid level to the pump, until well pumps-off.

Then

P, = CHP +GgD

The production rate is disturbed by the flow of gas intc the tubing.
where:
CHP + Casinghead pressure (psi)

Gg = Gas gradient (psi)
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Method 3

Calculation of the casing liquid gradient based on tl
free liquid and the valume of gas that is being

annulus. The ratic of mixture density to liquid density has been

correlated with —9 .
APO'Q

“S” curve for liquid GCF

by 12 Lma T nia 2 S e T N . .
R Y s " Mo il """""'"“""’ff‘ p - Mixture density
L BRI = gor fow e, Hudd % m .. . R
- PR AT & = crou-wdional oree, 5q la liquid density
i ~\5  - ":F‘U_"‘ i P = presure of the peind when
~ - FHNTHEN v et foaw (€Y at pressure P (psia)
'.f' SEEs £S5
E g =zeiss S ;
g 0.5
5 v
Iz
;IE = = Sh e
S5 B iSSSSSSSRRTE
35 e et N
=
i T
i 00s ;
e
R i
b B = £E 5‘.”'
“E? ‘ =3 ‘?
: ! EEZ RN
0 01 02 03 04 05 06 07 98,00 f=r
\ewinsi® Uquid GCF - olunnpayt/
R
m

This aliows determining the gtadient of the mixture. Since the pressure is not
known at a given point, successive approximations are required corresponding

to fixed pressure increments.

The flow of gas q, can be measured with a critical flow prover, or it can be
determined from a pressure build-up of the casing which is shut in after taking

the sonolog.
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{
R = Pressure (psi/mi
v time psi/min)
2
5 v
g
o
R
Time
9 D Pg mcf
= 0.
A 68 R(1g56 * 7336 ) day-sqin.
D = Depth to liquid feet
Pg = gas pressure at D
G = gas gravity

For low pressure

. D .
Pg = (l+ W)PC psia
Taking a pressure interval P & 50 100 psi calculate Pav and ———C-LW
AP_ 7
av
to get Rm from where

Gy, = 0M33xR_x v psi/ft

Yy = specific gravity of gas-free liquid.
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The followir:g diagram illustrates the step-wise calculation:
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SUBMERSIBLE PUMPS

INTRODUCTION

An electric submersible puming system is generally considered
to be a high volume type of artificial 1lift. It is most applica-
ble in wells that are under the influence of a water drive or
waterflood and that have high water cuts or low GOR's. This
application is based on two key characteristics of the submersible
pumping system:

(1) The system can efficiently deliver the largest
amount of horsepower at the pump of any pumping
system in the small diameter casing sizes used
in oilfield applications.

(2) Centrifugal pumps can produce at much higher
‘ rates than positive displacement pumps in wells
of limited diameters.

The submersible pump is a multistage electrical centrifugal
pump that operates completely submerged in the fluid it pumps.
The major components of the system are tre pump, the motor, the
seal section or protector, cable, and surface egquipment such as
t-ansformer aad switchboard. A typical submersible installation
is shown in vigure 1.
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Over recent years the industry has gained considerable
experience in producing high viscosity fluids, gassy wells and
high temperature wells using submersible pumps. With this experi-
ence and impyoved technology, wells that were once considered
difficult for submersibles are now being pumped economically.

Submersible systems are capable of lifting from 200 B/D up
to 60,000 B/D at depths of 1000 £t to 15,000 ft. They are suit-
able for both onshore and offshore wells in deviated or straight
holes.

COMPONENTS
Motor

The submersible electric motor is a 3-phase, induction
type, that is oil-filled for cooling and lubrication. A high
starting torque enables it to reach full load operating speed of
3475 rpm in less than fifteen cycles, thus reducing drag on the
power supply. Cooling is achieved by heat transfer to well
fluid moving by the motor. For this reason, the unit is usually
set above the producing interval. If the motor is to be set
within or below the producing interval, a cooling jacket (shroud)
over the motor and seal section is recommended to force the
produced fluid to travel down and then inside the shroud. 1In
this manner the necessary cooling can be maintained.

Seal Section or Protector

The seal section performs four basic functions which are:

1. Connects the pump housing to the motor housing
by connecting the drive shaft of the motor to the
pump shaft. .

2. Seals the power end of motor from the wellbore
Fluids while allowing pressure communication
between the motor and wellbore fluids.

3. Houses a marine-type thrust bearing which absorbs
axial loading from the pump.

4. Provides the necessary volume for expansion of
the motor's oil which results from heat generated
when thie motor is in operation.

Gas Separator or Intake Section

The gas separator is a bolt-on section between the protector
and the pump where it serves as the pump intake. It is designed



to separate a substantial portion of any free gas in the produced
fluid. Through the action of a gas-lock free, open faced impeller,
it provides optimum charging of the pump. For water oOr applica-
tions with only small amounts of free gas, a bolt-on direct

intake section allowing direct entry to the first stage can be
provided. Production of high gas-oil-ratio reservoirs in dis-
cussed in a later section.

Pumg

The multistaged centrifugal pump is offered in a wide variety
of diameters. Each stage consists of a rotating impeller and
stationary diffuser. Through the use of corrosion resistant
materials, (cast Ni-resist or molded nonmetallic polyphenylene
sulfide impellers and diffusers with K-monel shafting) pump wear
and corrosion are minimized. Because of the hydraulic limita-
tions associated with casing diameter restrictions, the lift per
stage is relatively low. However, as many as 500 or more stages
have been run to meet high head requirements.

Electric Cable

Power is transmitted by an electric cable specially designed
and built to strict specifications for submersible applications.
A range of conductor sizes permits efficient matching to motor
requirements and can be obtained in either a fiat or round config-
uration. Round cable is normally recommended; however, flat
cable can be used where clearance is a problem.

The insulation used for these cables must be able to with-
stand well temperatures, chemical attack, pressure, and resist
impregnation of well fluids. Cables may now be installed in
wells with temperatures in excess of 275°F. Mechanical protec-
tion is provided by an interlocking armor of steel or monel, as
required by well conditions.

-

Junction Box

As shown in Figure 1, the weatherproof, vented junction
box provides a convenient and safe means of connecting the down-
hole cable zo a surface cable from the switchboard. The junction
box also provides a vent to the atmosphere for any gas that
might migrate up the power cable.

Switchboard

The switchboard controls the operation of the motor. The
standard switchboards are weatherproof and available in a range
of sizes and accompanying accessories to accommodate any instal-
lation.



Simple units may contain only push-button, magnetic contac-
tors and overload protection. More sophisticated switchboards
will use solid state motci controllers for time-delayed underload
protection on all three phases, time delayed overload protection,
and automatic protection against voltage unbalance conditions.
Most switchboards will also contain recording ammeters to give
immediate indications of problems or abnormal operation.

Downhole Pressure Monitors

Another valuable device to include is a "donhole-pressure
monitor" strip chart recorder. Valuable reservoir and pump
performance data is available with the use of downhole-pressure
monitors. By correlating reservoir pressure with the withdrawal
rate, an operator can determine the need to change pump size,
change injection rate, or consider a w=ll workover.

CENTRILIFT's "PHD system" has the capability of:

1. Continuously monitoring bottom hole pressure at
the pump's setting depth.

2. Protecting the motor against overheating.

3. Detecting electrical failures such as shorts to
ground.

_ The system requires nc special wires. All signals are sent
to the surface instruments over the regular power cable.

Check Vvalve

A check valve is usually installed in the tubing string two
or three joints above the pump assembly. This prevents the
tubing f£rom unloading through the pump when the unit goes down.
An attempt to start the unit with the pump rotating backward
could bregk the pump shaft, burn out the motor, or burn out the
cable. Many check valves can be removed by wireline for service,
or to pump treating £luids down the tubing and through the pump.

Drain Valve or Sliding Sleeve

A sliding sleeve is installed one joint above the check
valve £for two main purposes:

1. It allows communication between tubing and
annulus when required for injecting chemical
treatments into the formation.

2. It allows the tubing to be pulled dry if the pump
becomes plugged or if a check valve is in the string.



Wellhead

The wellhlead must be equipped with a tubing head bonnet or
pack-off which provides for a positive seal around the cable and
the tubing. There are several methods available from well i
manufacturers for providing this pack-off. Depending on
method used, the pack-off will be capable of holding from 500
psi pressure in the simple pack-off systems to over 3000 psi in
the more sophisticated systems.

Transformer

mransormer selection depends on the primary power system
and the required surface voltage and current. Banks of three
single-phase transformers or three-phase auto transformers are
available. If the well might require a larger pump unit in the
future, it is most economical to install the larger size trans-
former initially.

DESIGN PROCEDURE

Sizing of submersible pumping equipment is criticai. Each
model of pump has a limited throughput range within which it
will operate without creating excessive wear due to thrust be-
tween the pump diffusers and floating impellers.

The design of a submersible pumping unit, under most con-
ditions, is not a difficult task if reliable data is available.
But if the data, especially that pertaining to the well's capac-
ity, is poor, the design will usually be marginal. In such
cases, a pump is usually sized incorrectly. An oversized pump
will run in downthrust and result in excessive thrust bearing and
stage wear, thus reducing the 1ife of the equipment. Units
operating in a pumped-off condition can accelerate cable failure,
especially-the flat cable. Here, without ligquid to help dissipate
the heat, the temperature can become excessive.

High Water Cut Wells

In sizing a submersible unit for a high WOR application
the following seven-step procedure should be used:

1. Collect and analyze well producticn, £luid, and
electrical power data.

2. Determine the well productivity at the desired
pump setting depth or determine the pump setting
depth for the desired production rate.

3. Calculate the "Total Dynamic Head" (TDH).



4. For given capacity, select the pump type which
will have the highest efficiency for the volume.

S. From manufacturer's pump performance curves and
motor data sheet, determine the optimum size of
the pump, motor, and seal section.

6. Select electric cable size and type.

7. Select motor controller, transformer and accessories.

Collecting Data

The first step is to obtain well productivity data. Accurate
determination of the well's capacity to produce at the desired
pumping depth is the major factor in the proper selection of
submersible pumping systems. Data needed include producing
rate, static bottom-hole well productivity index (PI), inflow
performance relationship (IPR), bottom-hole temperature, well-
head pressure, gas-oil ratio, water-oil ratio, API gravity and
specific gravity of the produced fluid, bubble point pressure
of the gas, oil viscosity and any other special operating con-
ditions such as sand, corrcsion, paraffin, or emulsion problems.

As discussed under a previous section dealing with "Well
Performance”, most wells will not exhibit a true straight line
Productivity Index rvelationship due to gas interlerence and
turbulence in the bore zrea. For this reason it is generally
recommended that the Vogel technique for Inflow 2erformance
Relationship be used to determine productivity. The importance
of accurately defining a well's productivity cannot be over-
emphasized.

Total Dvnamic Head

The next step is to determine the total head required to
pump the desired capacity. This refers to the feet of liquid
being pumped and is the sum of:

1. Net feet of fluid lift (hg) - distance froa the
wellhead to the estimated producing fluid level
at expected producing capacity.

2. Friction loss in the tubing (f¢).

3. Tubing discharge pressure (pg) - the head needed
to overcome friction in the surface pipe, valves,
and fittings and to overcome elevation changes
between wellhead and tank batctery.

The simplified equation for Total Dynamic Head is:

H=hd+ft+pd
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Pump Selection

Choice of the pump is based on estimated fluid producing
rates and casing size. The largest diameter pump which the casing
will permit is usually the most economical choice. The pump
selected should have the desired capacity within its optimum
limits and nearest its peak efficiency.

After selecting the correct pump, the number of stages
reguired to produce the anticipated cpacity against the previously
calculated total dynamic head can be made using the pump perfor-
mance curve. This may be calculated as follows by reading the
head per stage and the desired pumping rate:

Total Dynamic Head (ft)
Number of Stages = Head per Stage (ft/stage)

Motor Selection

Submersible pump motors are available in a wide range of
horsepowers and operating voltages. The required motor size
for a predetermined pump size is proporticnal to the number
of stages and the specific gravity of the produced fluid. The
equation may be written:

HP or BHP = No. of Stages x HP/Stage x Sp. Gr.

The motor voltage selected for a given installation is
dependent on available surface voltage, casing-tubing dime=xsions,
economics, and future horsepower requirements. The required
surface voltage is the sum of the cable IR drop and the rated
motor operating voltage. Wnhen the voltage loss becomes too
great, a higher voltage (lower amperage) motor 1is required.

Generally, when the pump setting depth is 5,000 ft or more,
a higher voltage motor will yield the best economics for an
installation. The decrease in cable size and cost resulting from
the lower current reguirements of the higher voltage motor will
offset the cost of the more expensive switchboard.

Cable Size and Length

The proper cable size is determined by combined factors of
voltage drop, amperage and available space between tubing
collars and casing. Electric cables are availale in conductor
sizes from Mo. 1 through No. 8 with copper conductors. Usual
practice limits the voltage drop to less than 30 volts/1000 ft.

The total cable length should be at lzast 100 £t longer

than the pump setting depth in order to make surface connections
a safe distance from the wellhead.

(P



Switchboard

Switchboards are offered in a range of voltages from 440
through 5000svolts. Selection is based upon ratings of voltage,
amperage, horsepower and future reguirements.

Transformers

The type of transformer required depends on the primary
power system and the required surface voltage. Three-phase
auto-transformers are generally required for increasing voltages
fom a 440/480 volt system to an 800 to 1000 volt range. A
bank of three single-phase transformers is usually needed for
reducing the higher voltage primary to the required surface
voltage if they are below the 440/480 volt level.

In choosing either type of transformer, the following
equation is recommended:

1.73 x Vg X Ap
KVA =

1,000

Where: RVA
Vg

1000 volt-amperes

Surface Voltage (Vg + Vi)

This value is the sum of motor nameplate
voltage (Vp) and the voltage loss (V)) in
the electric cable between the motor and
the switchboard

An = Motor nameplate current in Amps
If the well might require a larger pumping unit in the future,
it is more economical to install a larger size transformer
bank initjally.

EXAMPLE PROBLEM

For a detailed illustration of the correct procedure to
follow in sizing a submersible centrifugal pumping unit for
a high water cut well, the following example will be worked out
step by step:

Well Data
1. Physical Description
a. Casing Size 7" 0D, 29%
b. Tubing 6300 ft of 3-1/2"OD UE 8rd
-8—



c. Total Depth 7500 ft

. Perforations 6400 ft - 6900 f¢t

e. Pump Setting Depth 6300 ft (100 ft above
top perforations)

f. Other Corrosive Environment

2. Production Data

a. Static Fluid Level (Pj) 2000 ft from surface
b. Present Pumping Fluid

Level (Pyuf) 4000 ft from surface
c. Present Producing Rate 3000 BFPD (1800 BOPD)
d. BH Temperature 180°F
e. Gas-Fluid Ratio 50
f. Water-0Oil Ratio 60
g. Surface Discharge

Pressure 100 psi
h. Casing Pressure 0 psi (vented)
i. Static Bottom Hole

Pressure 1791 psi

3. Well Fluid Data

a. A.P.I. gravity of oil 30°
b. Specific gravity of oil 0.876
c. Specific gravity of water 1.02

4, Power Supply

a. Service Voltage 12,470 v.38, 6H
b. Line capacity Adequate

Assuming a consistent fluid gradient in the annulus, the
producing and static liquid levels are proportional to the pumping
fluid level (Py,f) and the static fluid level (Pj). Using the
given production and fluid level data, an "Inflow Performance
Relationship (IPR)" curve following the Vogel projection can be
drawn as shown in Figure 2.

The Qpax for this curve can be determined by solving the
equation:

= 2
q/qmax = 1-0.2(P/Pg) - 0.8(P/Ps)
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After the well data has been collected and plotted, the
next step is to determine the well's production rate at the
desired pump sdtting depth. This rate should be chosen from
the IPR curve at a producing fluid level where there is some,
but not an excessive amount of fluid over the pump.

From the IPR data, we would design for a production rate
of 4,500 BFPD with a producing liquid level of 6,000 ft.

Total Dynamic Head (TDH)

TDH = hd + ft + Pd
hg = 6,000 £t

f. = calculated using standard correlation charts
(from Hagen and Williams, C = 120) included
in submersible pump catalogs from either
REDA or CENTRILIFT.

6300 ft feet of loss
£, = TO00 £t x 53 71000 £t of tubing = 334 feet

pg = discharge pressure head. Assume specific gravity
of heaviest fluid to be pumped or 1.02

100 psi x 2.31 psi/it
Pg = 1.02 = 226 ft

TDH = 6000 £t + 334 £t + 226 £t = 6560 £t

Pump Selection

After calculating the TDH and knowing the casing size, the
pump type can be selected and number of stages determined. The
casing size determines the series, or largest outside diameter
of the pump and motor that can be used.

Assuming 7", 29#¢# casing for this example and using a
REDA Pump for illustration, (see Table 1 and Figure 3), the
correct pump would be "G" type, 540 series (5.13 in. OD) pump.

1. For a desired rate cf 4500 BFPD:

Select G-150, Recommended Range 4400-6400 BFPD .

Pump stages are designed to be in hydraulic balance near

the peak efficiency. The recommended range on the pump
curve defines these limits. Pump will operate in downthrust
to the left of the recommended range or operate in upthrust
to the right of the recommended range. Mechanical wear

due to unbalance can shorten the pump life and the pro-
tector thrust bearing load will be significantly increased.
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TABLLE 1

FMGINEERING
TRV rEDA TABLES

PUMPS 60 Hz 3500 RPM

QUTSIDE *MAX BHP CAPACITY RANGE
DIAMETER | Ppune RATING FOR QECEeamaEHOEn | 11T
SERTES | (INCHES) TYPE PUMP “SHAFT (8P0) {m3/0)
A-10 75 280-450 45.12
A-14 7S 480-640 15.10¢
118 3.8 | A-25t 7 700- 1060 12-164
30 78 900- 1500 4).21¢
A-45 109 1200-1800 91.228
012 75 280-460 -2
0-13z 5 320-50 9l
D-15 75 400- 5600 54-55
400 4,00 =20 75 2EH-37¢ B;-
0-26 09 780- 1060 28-143
0-40 00 950-1300 61.296
§-31 [\[) 1300-7000 723-112
0-55¢ 00 1400-2£00 222-192
D-82 [} 210v-1500 334-3%6
t-35¢ 130 1000- 1500 156-238
450 4.62 1% T30 T190-1739 178-212
£-100 226 2909&00 461-534
5-53% {95 5. 0350 282474
“G-6lt 205 002709 95-8¢
G775 235 00+ 320 039
540 s.13 G-59E 295 £500- 1600 §1-37
. [6-118 30 ___3200-4500 €08-71%
=150 00 44006400 : Q-1017
G-180 o) 5000- /250 I} 79¢.11€1
G-220 30 6000-8002 1 9€4-127
562 5.62 K=-350 ] 300 | 9200-15200 i 1462-2416
T-250 1 510 | 6300- 9000 1 1033-1330
§50 6.62 1-300 | 510 | 8000- 11500 | 12721828
=400 | 310 | 13600-15000 | 2162-2862
67% 6,77 [J-o00__| 10 1 170600-23000 1 2102-381
825 8.25 [ L-1850 ] 1600 ] 32000-12000 | 5081-5671
LY/ 510 ] 1200Q-24500 [ 180¢g-,31%
862 8.62 M55 | 210 ] 15000- 0000 | 1020-3770
950 $.50 n-1050 | 1000 | 24000-4500C 1 581647154
1000 10.90 [ N-1500 | 1000 {  15000-55000 | s564-37¢

* 255 overload can be permitted whure pump length s 20 feet or greater.

Kote: Larger capacity pumps of larger horsepower aviilable upon request.
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From Table 2, read the desired pump output at 4500 BFPD
and find:

Head per,l100 stages = 3200 feet or 32.0 feet/stage
Horsepower per 100 stages = 178 HP or 1.78 HP/stage

Calculate Pump Stages and Horsepower Required:

TDH 6560 feet
No. of Stages = Head/Stage = 32.0 = 205 Stages

HP Required = No. of Stages x HP/Stage x Specific Gravity

HP = 205 Stages x 1.78 HP/Stage x 0.962 = 351 HP

Select Full-housing Pump and Motor

Pump = 205 Stage G-150

Motor = 360 HP 540 Series Tandem
1890 Volts, 120 amps

Select the motor vr..tage, cable type and switchboard that
will minimizé investment. Referring to the amp carrying
capacity of cables, select size lHo. 1 cable. Referring

to Figure 4 (Voltage Drop Curve), Cable No. 1l his a

voltage drop of approximately 33 volts per 100 ft at

180°F at 120 amps. Therefore, the voltage drops for 6,400 ft
of No. 1 cable is:

33 volts
6,400 £t (Cable) x T00C £t = 211 volt loss

The required surface voltage will be:

6,400 £t x 33 volts
Surface Voltage = 1890 volts + 1000 ¢t

<
n
1]

2101 Volts

~14-
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Check manufacturer tables for round cable clearance between
tubing collars and well casing and select the type of cable whicl
is appropriate. If the selected cable size cannot he used, it
may be necessary to select a higher motor voltage which will
reduce the amperage and permit use of a smaller cable size, or
us flat cable.

Also, it may be advisable to change tubing sizes or to turn
down the tubing collars. In determining the optimum cable size,
consider the future equipment possibilities that may require
larger cable size.

Switchboard Selection

Choose the switchboard based on maximum surface voltage,
current, and horsepower rating with consideration given to
future use.

Transformer Selection

First, calculate to total KVA required as follows:

2100 volts x 120 amps x 1.73
Kva = 1000 = 436 KVA




(Several useful electri:al conversion formulas are given in

Table 2 for further reference.)
-]

CONVERSION FORMULAS

ALTERNATING CURRENT
TO FIND DIRECT CURRENT
Single Phase t Three Phase
Amopcres H.P. X 746 H.P. X 746 H.P. 146
When Horse Power (Input) —_ X
is Known Volts X Efficiency Volts X Efficicncy X P.F. Volts X 1.73 X Effciency X P.F.
Amperes KW X 1000 KW X 1000 KW 0
\Wm Kﬂovl(u ——— e —— _—X—I—E—
is Known Voits Volts X P.F. Volu X 1.73 X P.F.
Amperas kva X 1000
When kva e e M
is Koown Volts Volts X .73
Araperas X Volts Amps. X Volu X P.F. Ampar. X Volts X 1.7 X P.F,
Kilowatts ———————
1000 1000 ‘ 1000
. Ampt, X Volu Amps. X Volu X 1.7)
va ———————————
1000 . 1000
Kilowatts X 1000 KW X 1000
[*ower Factor Amps. X Volts ’
P.Y. . e Amps. X \::lu X 1.7}
KW Xw
|32 32
Amps. Volu Effici Ampe. X Volu X EffScdency X P.F Amps. X Volu X
Horse Power mpt. X Vo X ey ° ° hahindd . 1.73 X Eficiency X P.F.
(Output) 746 . 746 718

Power Factor and Efficicncy when uied in above formulas should be expressed as decimals.
v Foar 2.phase, 4.wire subscitute 2 instead of 1.73.
t For 2-phase, J-wire substitute 1.41 iostead of 1.7).

TABLE 2

Three (3) 150 KVA single-phase transformers would provide
the necegsary KVA, but should the unit require resizing to a
larger unit, the transformers would most likely be overloaded
and require change out. Therefore, the recommended transformer
selection is three 160 KVA single-phase transformers with
7,200/12,470 volts primary taps and 1900-2500 volts secondary
taps.

This particular examnle illustrates the procedure for
sizing a submersible pump for a high water-cut well. Other
applications such as:

e Viscous production
e High GLR wells

e Surface injection booster

require different techniques for pump sizing.

-16-
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Computer Design Approach

To optimize the selection of pumps, both REDA and CENTRILIFT
have developed computer design programs. However, as with the
hand calculation procedures, it is vital to provide pertinent
well production details.

The software program will then select a pump configuration
based on this procduction data. The program has three main design
phases:

1. Input capacity Calculations

2. Tubing Pressure Drop

3. Pump Selection

FAILURE ANALYSIS

A knowledge of the operational success of similar type
installations in an area can be very useful in helping to
select equipment accessories and good operating procedures.
Operating personnel can also contribute a great deal to the
overall success in the performance of submersible pumping
eguipment. The main causes of failures include.

1. Excessive overload over an extended time period

2. Leaks in the seal section

3. Well Conditions - insufficient fluid movement, high
temperature, corrosion, and abrasives in the £luid
stream.

4. Bad or faulty installation
5. Switchboard troubles
6. Faulty Equipment
7. “Worn out pump

8. Lightning

9. Bad electrical system

Because a submersible pumping system is quite sophisticated
compared to other types of artificial lift equipment, it is
especially important that every precaution be taken during the
installation andé operation to minimize the risk of failures.

The usual'cause of a premature failure for a properly
designed unit is an unattended, correctable mechanical malfunction
wnich leads to a downhole failure. It is, therefore, mandatory
that each unit be properly and rigorously monitored to allow
these malfunctions to be corrected before premature failure occurs.

One of the most valuable and leas*% uncarstood tools available
is the recording ammeter. The ammeter chart, like a physician's
electrocardiogram, is a recording of tne heartbeat of the
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submersible electrical motor. Proper, timely and rigorous analysis
of amp charts can provide valuable information for the detection
and correction of minor operational problems before they become
costly major'ones.

Three examples of these charts are shown in Figures 5, §
and 7. Additional suggestions for "Troubleshooting" are available

from most manufacturers.

FIGURE 5

TYPICAL AMMETER CHARTS

.
o

; ¥, R
0 k) A,
P \ tocanion Yy
%, ‘;0 (PN

The start up on tius chart indicates a normal draw down and con-
tinuing good production rate. Very little, or nc yas or good gas
separation, is inuicated by the smooth steady current holding at
74 amperes,

The "blips" shown at regular intervals are caused by power

{luctuacions. They are prooably due to periodically starting
another heavy electric load on the power system.

REDA PUMP COMPANY — BARTLESVILLE, OKLAHOMA
A DIVISION OF TRW INC.
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FIGURE 6

D. TYPICAL AMMETER CHARTS
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The amperage on this chart indicates that aftcr 2 normal start,

production rate goes inio a slow decline, and gradually becomes
very gassy; the unit pumped off{ or gas locked at 8 2. m. and went
oif on the undercurrent relay. The gas bubble point is shown to

be very near the pump.

This condition can oiten be remedied by lowering the pump in the

well 2 few more joints, Inelfective gas separation is indicated

and/or pumped-of{ condition.

REDA PUMP COMPANY — BARTLESVILLE, OKLAHUMA

A DIVISION OF TRW INC,
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FIGURE 7

¥
D. TYPICAL AMMETER CH~RTS

o
Pod 00718 (OV i,
—rfreuet. oo .

From a static level this well pumped off in ¥ hours 10 minutes. After
allowing 35 minutes build up time, the pump started again and ran about
45 minutes, then pumpec off again. Indication: The well is not prolific
enough for this large 2 pump., Possible remedics: Well work-over ({rac,
acid, re-perforating, clean out, etc.) in attempt to bring more fluid into
lf work over fails to produce more {luid, the need for a smaller

well.
This could result in continual running time,

pump is clearly tndicated,
higher efficiency, lower pumping unit cost, better overall economy.

REDA PUMP COMPANY — BARTLESVILLE, OKLAHOMA
A DIVISION OF TRW INC.
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RECENT INNOVATIONS

| N . . . + : .
Several unique submersible installations which are gaining
in use are:

° Cable Suspended Systems

° Variable Speed Systems

® Tapered Submersible Pumps
] Rotary Gas Separator

Cable Suspended Systems - offer attractive economics when
considering crude oill production either for offshore platforms,
or in field locations remote from normal sources of supply and
service.

Variable Speed Systems -~ provides a method using existing
downhole equlpment to obtaln accurate productivity data on wells
requiring larger electric submersible pumps.

Tapered Submersible Pumps - will allow production of high
gas-llquid ratlo reservoirs by putting larger capacity pump
stages on bottom to compress the fluid and smaller stages above
to boost the fluid to surface within the optimum capacity range.

Rotary Gas Separator - recently offered by CENTRILIFT, is
designed to remove most of the free gas before the production
reaches the pump lntake, eliminating the adverse effects on
pump efficiencies, cavitation, and unstable motor loads.

Several SPE papers and trade journal articles on these and
other submersible pumping related subjects are included for
further backgrournd and refer:-ce. Also refer to the Submersible
Pump Handbook provided by CZ TRILIFT and other manufacturer
references tor additional details.
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Resumé

DR. R. EUGENE COLLINS

For more than thirty years, Dr. R. Eugene Collins has been
involved with research, teaching, and consulting in petroleum
engineering, reservoir engineering, and well completion research.
He has worked in the research laboratories of three major oil com-
panies and is currently a consultant to Amoco Production Company,
Schlumberger-Dol1 Reserach Laboratory, and the U.S. National Bureau
of Standards. His numerous technical publications include a widely

known textbook, Flow of Fluids through Porous Materials, now in its

second printing. His book nhas been translated into both Russian and
Japanese.

Dr. Collins received his B.A. degree in physics from the
University of Houston and both his M.S.-and Ph.D. 1in physics from
Texas A & M. For twenty years he was a Professor of Physics at
the University of Houston. Now he is the Frank W. Jessen Professor
of Petroleum Engineering at the University of Texas at Austin. For
two years he also has been president of his own consulting firm,
Research and Engineering Consultants.

Among Dr. Collins numerous memberships in professional and
honary societies are memberships in Sigma Pi Honor Society, the
Society of Petroleum Enginears, and the honary society Pi
Epsilon Tau. Dr. Collins 1is a Registered Professional

Engineer in Rexas.



